MD-A163 277 A GUST FRONT CRSE STUDIES HANDBOOK(U) MASSACHUSETT
IN OF TECH LEXINGTON LINCOLN LAB D L KLINGLE

JAN 85 ATC-129 DOT/FAR/PN-84/15 DTFAG1-80- 7-1.546

UNCLASSIFIED

AL
IIIHIIIIII.III
HH "N "EEEE EEE

N RN Y '
HE YY1 E N
BEEEEEEENEREEE
HEEERERRNEREEN




. > v g YT,
DA ) GG Gt - S e
EMOMT AR r,rrNUM P R NN R NN .rvuu

S ek et s R

ERERE

S EEE
I

L R N N Y R N I N

14

e
———
——
—

K FEFEETTR

2

AT A e ma e

N
MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-1963-A

iz 0

| IIIII

e . i S R

LR
"

4 g pe

e ke W,

AR




Bopast Mo F4-PEQE/ NS

AD-A163 277

Lincoln Laboratory

MASSACHUSETTS INSTITUTE OF TECHNOLOGY

LaXINGTON, M 4SS ACHUSXTTS

Prepared o the Foderal Aviathou Adwintetration.

Docessent is aveilable to the public through
thve Nutbons! Tochnical Information Seevice,
Spwingtield, Virgiale 32161.



This document is diseeminated under the sponsorship
of the Department of Transportation in the interest of
information exchange. The United States Government
assumes no liability for its contents or use thereof.



t‘.n.
3

NaRu s 2o O Y e A S N R AN AT e VOV

N

) ",
' Koty d

. TECHNICAL REPORT DOCUMENTATION PAGE

: 1. Nepert e, T Govorament Asosssics Be. 3. Resigionts Cowiog We.

) DOT/FAA/PM-84/15 2 a a‘ ; { ”
4. Tile ond Subite & fapert Do
Ay 10 January 1985
\: A Gust Front Case Studies Handbook . Porlorming Ovgasiastien Code

~ 7. Asberts) S Poriorming Orgasigation Ropert fle.

Diana L. Klingle ATC.129
- 8. Perlorming Orgenizetion Nome sud Addrese 18, Werk Uit Bie. (TRAIS)
: Dept.of Gesseiences T et
W. Lafayette, IN -FA01-80-Y-10546
< 13. Type of Raport and Poried Covered
12. Spessering Ageacy Name and Adivess .

: Department of Transportation Project Report

. Federal Aviation Administration

N Systems Research and Development Service 14. Sponsering Agonsy Code

2 Washington, D.C. 20591

15. Sepplemontary Newss

The work reported in this document was performed at the National Severe Storms Laboratory
under MIT/Lincoln Laboratory grant number CX-5013.

16, Abewect .
\

/Gust fronts produce low altitude wind shear that can be hazardous to aircraft operations,
especially during takeoff and landing. Radar meterologists have long been able to identify
gust front signatures in Doppler radar data, but in order to use the radars efficiently, auto-

- matic detection of such hazards is essential.

Eight gust front case studies are presented. The data include photographs of the Doppler
weather radar displays, thermodynamic and wind measurements from & 440 m high tower,
environmental soundings and tables of gust front characteristics. The tabulated characteris-
tics are those thought to be most important in developing rules for automatic gust front de-
tection such as length and height, maximum and minimum values of reflectivity, velocity
and spectrum width, and estimates of radial shear. For the cases studied, outflows could be
detected most reliably in the velocity field, but useful information also could be gleaned
from the spectrum width and reflectivity fields. The signal-to-noise ratio threshold was i
found to be a major factor in the ability of an observer to discern the gust front signature in
the Doppler radar displays. Detection wi’hin the spectrum width field required a higher B -
SNR than did the radial velocity field. (7, <~ 7. S

. Sr0iinml ecntalng colar™.
- L1 DTIg roproduste
il be 18 black ang

v o

& 17, Koy Words 10, Diswiaton Swtement
" Doppler Weather Radar
gust fronts
low altitude wind shear
aviation weather hazards

Document is available to the public through
the National Technical Information Service,
Springfield, Virgina 22161.

. 19. Security Clasell. (of this report) 20. Security Clase¥. (of this page) 21. Ne. of Page 22. Pries N
: Unclassified Unclassified 122 sl
x

Form DOT F 1700.7 (8-69)

L T S T U N N PR R A SN DY .
AT T T Lt e e . e e e . - I T T A
re NN W AL a . o o S Ao B A

- - et . e T et . gL e e PR LS CE I e N A S
PR RAPSAEIP APV TR L G WK L WP 0. WADGR Wl WA UL WA GRE Y Sur wiy Wi S WPy Spg il S




F";':'~‘-.‘.~“-'lﬁ'.‘ i gt ey MBIt STk bt S S Sl A i
.
|13

ABSTRACT

Gust fronts produce low altitude wind shear that can be hazardous to
aircraft operations, especlially during takeoff and landing. Radar meteoro-
logists have long been able to identify gust front signatures in Doppler
radar data, but in order to use the radars efficiently, automatic detection
of such hazards is essentlal.

Eight gust front case studies are presented. The data include pho-
tographs of the Doppler weather radar displays, thermodynamic and wind
measurements from a 440 m high tower, environmental soundings and tables of
gust front characteristics. The tabulated characteristics are those
thought to be most important in developing rules for automatic gust front
detection such as length and height, maximum and minimum values of reflec-
tivity, velocity and spectrum width, and estimates of radial shear. For
the cases studied, outflows could be detected most reliably in the velocity
field, but useful information also could be gleaned from the spectrum width
and reflectivity fields. The signal-to-noise ratio threshold was found to
be a major factor in the ability of an observer to discern the gust front
signature in the Doppler radar displays. Detection within the spectrum
width field required a higher SNR than did the radial velocity field.
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I. INTRODUCTION

A gust front is the boundary between the horizontally propagating cold
alr outflow from a thunderstorm and the surrounding environmental air. The
sharp changes in both horizontal and vertical wind speed and direction
acrogs the front can be hazardous to aircraft on takeoffs and landings.
Turbulence created at the boundary can also impact aircraft operatioms.
Gust fronts, as well as downbursts and tornadic phenomena, constitute an
aviation hazard but it is not possible to detect the low altitude wind
shear they produce with the conventional radars currently in use. However,
the Federal Aviation Administration (FAA), National Weather Service (NWS),
and U.S. Air Force Weather Service (AWS) are jointly funding a nationwide
network of Doppler weather radars (NEXRAD) capable of sensing air motioms.
In order to use the Doppler radars efficiently, automatic detection of
weather hazards is essential.

Doppler radar data have been recorded on a number of gust fronts.
Although radar meteorologists are usually able to detect gust front signa-
tures, attempts to automatically detect them based on Doppler radar data
have had limited success. One reason for this may be that typically only
one or two case studies have been used to determine detectable, charac-
teristic signatures of the thunderstorm outflow.

This report represents a collection of gust front case studies per-
formed using Doppler data collected by the National Severe Storms
Laboratory (NSSL) at Norman, OK. Eight gust front cases are presented
(30 April 1978, 2 May 1978, 19 June 1980, 15 May 1982, 30 May 1982, 17 May
1983, 10 June 1983, and 26 April 1984). These cases were chosen because
they illustrate the gust front signatures in the three-moment displays,
they demonstrate the difficulties of detecting gust fronts in radar data,
and they represent a cross—section of typical gust front types., Tabulated
results gathered from the single Doppler radar data include length and
height of the gust front; maximum, minimum, and average values of Doppler
velocity, spectrum width, and radial shear; and overall gust front pattern.

Whenever possible, data from the WKY-TV instrumented tower and pre-
storm soundings were acquired. The WKY-TV tower, which fs located 35 to
40 km north of the Norman Doppler radar (NRO), 1s instrumented to a height
of about 440 m. At this distance (assuming an elevation angle of 0.5°),
the center of the NRO beam is at a height of 350 m. Thus, tower data can
be used to determine the outflow structure in the lowest levels and verify
Doppler winds at the lowest elevation angles. Soundings are provided in
order to illustrate the environmental conditions (winds and thermodynamic
stability) within which the storms and gust fronts formed and propagated.

Throughout this report meteorological terms are used freely and, in
most cases, without definition. Appendix D contains a list of these
meteorological terms and the definitions.
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I1. BACKGROUND ON GUST FRONTS

A. Gust Front Structure

A gust front is the leading edge of an outflow which is produced when
the thunderstorm downdraft reaches the ground and spreads horizomntally.
The vertical velocities within the downdraft cannot be measured by the
Doppler radar at low elevation angles, but as the outflow spreads, a
divergent signature can be identified in the Doppler wind field. The
passage of a gust front is often accompanied by a sharp rise in pressure, a
decrease in temperature, and abrupt changes in wind speed and direction.
As the cooler, denser outflow intrudes into the warm, less dense euviron- <o
mental air, the warm air is lifted up and over the outflow boundary. .
Figure II-1 is a photograph of the arcus cloud formed by this lifting of

warm, moist air by an approaching gust front. The intrusion of cooler air - E:i
into warmer has been likened to a gravity current (Benjamin, 1968; Goldman SRS
and Sloss, 1969; Simpson, 1969; Charba and Sasaki, 1971). LT

Studies of laboratory gravity currents have illustrated the presence 5}&:
of phenomena which have counterparts in thunderstorm outflows. Fluid N

within the outflow moves faster than the outflow boundary. Under the
proper conditions friction between the fluid and the surface across which
it propagates causes the lowest layers of the flow to be retarded. Fluid
within this layer is deflected downward, producing "backflow™. The fluid
above this friction layer moves faster and protrudes ahead of the surface
boundary. This protrusion is known as the "nose” of the gust front

(Fig. 1I-2). The advancing fluid is deflected upward at the leading edge
producing a bulge known as the "head”. A turbulent "wake” region is
located behind the head, where mixing of the outflow and environmental air
occurs, Since the outflow interface is not an impermeable boundary, mixing
also occurs along the leading edge. Studies have shown evidence that these o
features also exist in nature (e.g., Charba, 1972; Goff, 1975). o
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o B. Doppler Radar Signatures of Gust Fronts o
o ro
. It has been shown that Doppler radar is capable of detecting thun- }{};
o derstorm outflows (e.g., Brandes, 1976, Lee, et. al., 1978; Wakimoto, 1982). RN
. The abrupt change in wind speed and direction mentioned previously can be iu@.

*

sensed by the Doppler radar and displayed such that regions of radial con-
vergence (radial shear) are apparent. Zrnic' and lLee (1983), henceforth
referred to as Z-L, outline some of the difficulties which may prevent gust
front detection by radar. For instance, the distance of the center of the
radar beam above the surface increases with distance from the radar. A
shallow outflow at a large distance from the radar may be below the beanm, -
and thus go undetected. Near the radar, ground clutter contaminates the

signal. Range folding (i.e., targets beyond the unambiguous range appear

to be located within the first trip) can mask the gust frontal signature.

Despite these problems, gust fronts can generally be detected in the

Doppler data at ranges up to 100 km,
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1. Reflectivity

Gust fronts are often associated with "thin line” echoes in radar
reflectivity fields. Strong gradients in the refractive index at the
leading edge of the outflow were sited as a possible explanation of this
phenomena (e.g., Leach 1957; Luckenback 1958, Brown 1960). Others,
including Harper (1958, 1960), believed the thin line was caused by insects
which were picked up and carried along by the outflow and by birds that fed
upon these insects. More recently, Wakimoto (1982) suggested that the thin
line was produced by the "precipitatiom roll”, that is, by precipitation
particles which were swept along with the outflow winds as they moved away
from the parent storm. Figure II-3 illustrates the typical stages in the
11fe cycle of a gust front and the precipitation roll,

2, Doppler Velocity

Gust fronts can be identified in the Doppler wind field as linear pat-
terns of radial shear. Shear is the change in velocity over a given
distance. Since velocity is a vector quantity, shear can be associated
with a change in speed and/or a change in direction. As an example, assume
a gust front 1s approaching the radar from the west, A reasonable first
approximation is that winds within the outflow are oriented perpendicular
to the gust front and therefore have a strong radially inbound component in
regions where the gust front is perpendicular to the beam (Fig. II-4).
Environmental winds ahead of the gust front are typically from the
southeast to southwest quadrant in Oklahoma and display outbound (+) or
weak inbound (-) velocities. Moving away from the radar toward the gust
front along a radial, one finds the Doppler velocities changing from posi-
tive (or weak negative) to negative (or more strongly negative) as the gust
front is encountered, This abrupt change in Doppler wind speed produces a
linear radial shear signature at the leading edge of the outflow.

The gust front tends to curve (Fig. II~4) and portions of its length
may become aligned along a radial. When this occurs, the flow is primarily
across the beam and as such is sensed as zero velocity by the Doppler
radar, Identifying the radially-oriented portions of the gust front in the
radar velocity field can be difficult.

3. Spectrum Width

Occasionally, gust fronts appear as linear patterns of broadened
Doppler velocity spectra (Z-L). The outflow leading edge where lifting and
mixing occur and the wake region behind the head have been identified as
turbulent areas and should therefore be associated with widened velocity
spectra,

Unfortunately, the gust front is not the only cause of enhanced
spectrum width, A broadening of the velocity spectra 18 also associated
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Fig. 11-3. Life cycle of the gust front (vertical cross section). Note
the formation of the "precipitation roll" which is believed to produce the
thin line echo.

........................................................................... .- A Y S
''''''''''''''''''''' T T e S A S T At n TS T N TN e Yt N
PP PRI PR PR, SUOPEANE A DU SNyl WESOUT W) WAl WO W WA VT D Dol e

.............................




T

& -t v T
Mﬂmmvvwh AR
gy 4 M %

*MOTJI00 DYl SUEBDS YOy weaq Jepel e

JO Suo}3Ied0] I[qJs80d 233BIJPUT SIUT] PIYsep oyl “Iunral 3Isnd 3yl 031 e NP
-uadiad MOTJ 03 Pual MOTJIINC 3yl UTYJIfM SpufMm *3Juolj 3Isnd pue MOTJIINno
W1038I9puny] € JO 2INIdNIIS [RIVOZIIoY 3yl jo weafeyp djlewsyds °*y-I11 814




SR e Ba B B ERRSL o B BN RS S PRFLE LN Ar i

Y R

» AWR .

T, . -

with regions of weak signal. As the signal-to-noise ratio decreases, the
signal due to weather approaches the noise level and the estimated spectrum
widths are effectively those of noise.

Enhanced spectrum widths are often found at the edges of cell echoes
where the signal strength is decreasing. This may simply be due to the low
signal-to-noise ratio but it could be due to the presence of real tur-
bulence. The echo edge is not a solid boundary. Mixing of the drier
environmental air and moister thunderstorm air leads to evaporation of
water droplets and cooling, which in turn produces downdrafts, updrafts and
turbulence.

Doppler velocity spectra also appear to broaden around areas of range
aliasing or range folding, Figure II-5 illustrates how echoes beyond the
unambiguous range or first trip can lead to obscuration of first trip
weather signals. 1If the folded signals overlap weather located within the
first trip, then the velocity spectra are superimposed and the parametric
estimates of spectrum width may be erroneous.

At NSSL, identification of these range folded areas 1is accomplished by
using a dual PRF which allows for two different unambiguous ranges. The
lower PRF is used for the reflectivity estimates which have one-fourth the
resolution, but four times the unambiguous range of the Doppler estimates.
If the Zirst trip (Doppler) echo is not 10 dB greater than echoes from suc-
cessive trips, data in the region of overlap are not displayed. It will be
shown in section IV of this report that large spectrum widths are found
around the perimeter of these range folded areas. It may be that as the
signal from successive trip echoes decreases (e.g., at echo edges), the
10 dB threshold is exceeded and erroneous spectrum width values resulting
from the overlap are displayed. Examples of this will be noted later.

Zrnic' and Lee (1983) collected and tabulated data from eight gust
front cases, Their work served as a basis for this research., Many of the
same analysis techniques were used here to allow possible merging of the
data and to facilitate comparison.
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RANGE AND DOPPLER AMBIGUITIES
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Fig., II-5., Storm geometry which leads to obscuration problems with conven-
tional pulse Doppler radars. The overlap of weather signals can cause

erroneous spectrum width and velocity estimates. (R, is the unambiguous
range.)
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III. DISCUSSION OF TABLES

Data from the eight gust front cases are tabulated in Appendix A. The
definition of each tabulated characteristic as well as any assumptions made
in deriving the listed figures are presented in the following sectioms.

A, Height

The height of the gust front for each elevation angle was determined
by locating the point on the outflow boundary which was most distant from
the radar. At this point, either the beam was above the outflow, the
outflow boundary was radially oriented and thus could not be detected, or
the horizontal extent of the gust front had been reached. Data were
collected for all scans in which the gust front was found. It was assumed
that the height of the gust front for the maximum elevation at which it
could be detected was indicative of the depth of the outflow. Table III-1
lists the maximum and minimum values of gust front height for each of the
cases.

The average maximum height (depth) of the gust front is 2.5 km. This
value is similar to the results of Zrnic' and Lee (1983, z-L).

B. Length

The length of the gust front is the length of the line pattern (in
either reflectivity, velocity or spectrum width displays) which could be
identified as a gust front. Azimuth and range locations along the gust
fronts were recorded and the lengths given in the tables are sums of the
distances between these points. The greatest length recorded for the eight
cases presented here was nearly 200 km, at the lowest elevation angle of
the last scan on 2 May 1978. By this time the gust front had passed the
radar and was dissipating. Comparing this maximum length to lengths
observed by Z-L, one finds it to be at least twice as long. The minimum
length was 6 km, noticeably less than the Z-L values.

Gust front length as detected by Doppler radar is highly variable. In
general, gust front lengths appear to decrease at higher elevations. If an
outflow has a fixed depth, as elevation angle increases a portion of the
gust front will lie below the beam. Thus, the radar can only sense the
nearer portions of the outflow and decreasing lengths at higher elevation
angles are expected.

C. Doppler Velocities within the Outflow

Because it is impossible to display all possible values of reflec-
tivity, velocity and spectrum width, these values are quantized when
displayed. All values tabulated in Appendix A were derived from these
displays. In the majority of the cases, exceeding the unambiguous velocity
over a large area was rare, though veloci-ies often fell into the highest
interval, Cases in which large areas of velocity folding occurred were
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; TABLE III-)

MAXIMUM AND MINIMUM HEIGHTS (KM) FOR ALL GUST FRONTS

. Height (km)
. Date Max Min

30 April 1978 (north)
- 30 April 1978 (south)
I . 2 May 1978

19 June 1980

15 May 1982

30 May 1982

17 May 1983
j 10 June 1983
i 26 June 1984 (first)

26 June 1984 (second)

e & e o
NMWHPSWONWO W

AN WWNNYNUM=NN
.

=N W N W
COCCOOOO=N

[
.
(V]
o
.
[ ]

Average




AP PP LR <. “c .t L R I L
PR A AL A AR SR Y T P Ity G . Pl W WIS WL Wl U S TR 1. G S S |

...........

30 May 1982 (an apparent downburst situation) and 17 May 1982 (a bow echo
cage), The maximum radial wind speed measured for all eight cases was
-43 ms~1 on 17 May 1982,

D. Reflectivity along the Gust Front

The value of peak reflectivity varied from a low of 7 dBZ, which agrees
with the Z-L findings, to a maximum value exceeding 57 dBZ. The peak
reflectivity for the majority of scans was greater than 30 dBZ. In many
cases the gust front either did not separate from the precipitation echo or
did separate to form a thin line echo but remained attached to the parent
storm. In these cases, the maximum reflectivities recorded represent pre-
cipitation returns. Also, convection occurring aloung the outflow boundary
could produce the high reflectivity values listed in the table.

E. Spectrum Width

As stated previously, the turbulence that occurs along the gust front
can be sensed by Doppler radar and often appears as a linear pattern in the
spectrum width field. The maximum and minimum values in Appendix A are
often associated with small areas scattered along the outflow boundary.
Thus, the more meaningful statistic is probably the average spectrum width.
This value tends to decrease with increasing elevation angle, suggesting
(not surprisingly) that turbulence is greater near the surface.

The significance of the average spectrum width in the gust front is
not its absolute value but how it compares to the surroundings. Gust
fronts can appear as lines of enhanced turbulence in a relatively quiescent
field.

F, Distance from Gust Front to Generating Storm

This value represents the shortest distance between the center of the
parent storm and the leading edge of the outflow. The center of the
generating storm is assumed to be associated with the area of maximum
reflectivity within the parent cell, The distance between the generating
storm and gust front is expected to decrease with height. (Refer to
Fig. 1I-2.) Near the surface, the boundary between the cold air outflow
and warm environmental air is far from the storm. This boundary slopes
back toward (closer to) the parent cell with increasing height. As the
gust front moves away from the storm, the distance between the generating
storm and the outflow boundary increases.

The values in Appendix A generally support these statements, It is
important to note, however, that as a storm cell evolves, the area of maxi-
mum reflectivity within the cell moves in response to the formation of
updrafts and downdrafts. This may account for any discrepancies in the
tabulated values.,
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G. Radial Shear

Appendix B lists radial velocities and radial shears for three gust
fronts. The shear values were obtained by the use of a radial convergence
detection algorithm presently being developed and tested at NSSL (Zrnic'
and Uyeda, 1984). The algorithm searches each radial for runs of
decreasing velocities. It stores the beginning and ending range and velo-
cities for each run and uses these to calculate radial shear. A low shear
threshold can be specified below which the radial shear is considered
insufficient to be part of the st front. This threshold was chosen to be
0.50 ms~1 km~1 (0.50 x 103 s~1), Since this algorithm uses the entire
length of the convergence along a radial to calculate shear, it may tend to
smooth very high shears that occur at the leading edge. It should be noted
that the values in Appendix B represent radial shear only. No attempt was
made to relate Doppler radial shear to actual shear in the total wind field.

The maximum radial shear for the three gust fronts presented in
Appendix B 1s 12.39 x 1073 s71 on 30 May 1982. As expected, the largest
shears were found where the outflow boundary was perpendicular to the beam
(i.e., flow behind the boundary had a strong radial component). Lower
shears were located at the ends of the gust fronts where curvature caused
the boundary to lie along a radial. 1In some of these cases, even though
the gust front was identifiable in the displays, radial shear values did
not exceed the threshold. In general both minimum and maximum values of
radial shear increase with height and the greatest radial shears are asso-
clated with the greatest velocities.
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IV. CASE STUDIES

A. Case 1: 30 April 1978

1. Synoptic Situation

A stationary front oriented northeast-southwest across Oklahoma and an
approaching upper air disturbance provided the impetus for an outbreak of
severe weather in Texas, Oklahoma and Kansas. Storms formed along and
north of the front. By 1900 CST, a line of storms, approximately 40 km
long and 80 km southwest of Oklahoma City (OKC), developed and moved east-

o northeast. At 2030 CST two lines of radial shear (radial convergence) were -

- evident in the Doppler wind field, indicating the presence of gust frouts.

o The northern gust front was associated with a cell at an azimuth of 281°

.I and range of 56 km (i.e., 281°/56 km) and the southern gust front with a .
cell at 261°/66 km., (Henceforth, all azimuth and range coordinates will be

given in this notation.)

2. Doppler Radar Diaplays

ki Photographs* of the three spectral moments are displayed in Figures
1V-1(a) through IV-1(c). In the reflectivity field (Fig. IV-1(a)), the
[ gust fronts (labels A and B) appear as lines of enhanced reflectivity which
have separated from and lie 3-5 km ahead of the leading edge of the preci-
pitation echo. In this photo, and in the majority of the subsequent photos,
10 dBZ was added in order to ensure that the signal was brought above a
threshold level. Therefore, although the peak reflectivity in the gust
front appears to be 21 dBZ, it is actually 11 dBZ.

The location of the gust front in the velocity display (Fig. IV-1(b))
is indicated by the zero velocity contour (label C) at its leading edge.
The most well-defined outflow boundary occurs where the radial component of
the outflow winds is maximized (e.g., 240°/30 km; label D). Notice the
southerly environmental winds in the region east of the gust front. The
winds immediately ahead of the gust front are stronger than the environmen-
: tal winds elsewhere in the field. Based upon the observed evolution of the
- Doppler wind field, these winds are accelerating, presumably in response to
the intrusion of the cold air outflow into the environmental flow.

This case also illustrates the ability of Doppler radar to detect a
: gust front when it lies along a radial. The winds associated with the
- northern gust front (label E) and with the southern extension of the
- southern gust front (label D) are primarily directed across the radar beam.

* For interpretation of the displays shown in these photographs, refer to
Appendix C.
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Hence, the boundary between environmental and outflow winds is not well-
defined. (An example of this is the broadening of the zero velocity con-
tour near label C.) In these areas the gust fronts are associated with
azimuthal shearing of the radial winds.
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Figure IV-1(c) 1s a display of the velocity spectrum width (ms~1). A
gust front will often appear as a linear pattern of enhanced spectrum width
which closely parallels the gust front signature in the velocity field. In
this case, the location of the gust front is indicated by the sharp divi-
sion between the larger spectrum widths in the eavironmental flow (low
signal-to-noise ratio) and the lower values in the outflow (label F).
However, as the gust front becomes radially oriented, the spectrum width
pattern disappears (label G). This result is somewhat unexpected. It is
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assumed that turbulence is isotropic (i.e., exhibits the same value when e
measured along any axis). If this were true, the line of enhanced spectrum PN
widths would be present near label G. Either the assumption is invalid in l;;
this case or this area simply is not turbulent. :ﬁ:f

As the storms moved to the northeast, the southern cell intensified
and the northern gust front dissipated. The gust fronts proyagated at a
speed of 11 ms~l. Figures IV~1(d) through IV-1(f) show the radar displays
at 2217 CST. The linear feature indicated by the cursor is the southern
end of the southern gust front. The northern portion has moved into an
area of range folding (that is, the first trip return is not 10 dB greater
than the second trip return; label H). At this time, the gust front has
moved away from the generating storm, creating a thin line echo with a peak
reflectivity of 11 dBZ (the 21 dBZ category). The spectrum widths
increase dramatically at the edges of echoes (label 1) and near areas of
range folding (label J). Within the outflow (cursor) the spectrum width
decreases, probably due to the higher SNR in this region.
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B. Case 2: 2 May 1978
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1. Doppler Radar Displays

MO
This gust front occurred ahead of a line of strong thunderstorms DA
oriented northwest to southeast. The outflow moved to the northeast at NN
about 17 ms~l. Figures IV-2(a) through IV-2(c) show the reflectivity, :;u$,
hY -~

velocity and spectrum width fields associated with this gust front. There
is no thin line echo in the reflectivity field (Fig. IV-2(a)) to indicate
the presence of the outflow. Throughout its lifetime, the gust front never
moved far enough away from the storm to form the thin line signature.

There is also no obvious pattern in the spectrum width field (Fig. IV-2(c)).
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In this case, the gust front can only be detected in the Doppler velo- ﬂﬁ}ﬁ

city field (Fig. IV-2(b)). The change in wind direction at the leading il
edge of the outflow (label A) is quite pronounced. An interesting feature ;:t?
on the velocity display is the banded structure of the outflow. There are f\fxﬂ
4 or 5 lines of radial wind minima parallel to the outflow leading edge .}1}%
(label B) and separated by about 10 km. It is believed that these are :Q}JF

secondary surges, which are disturbances in the outflow parallel to but
behind the gust front. Secondary surges were first identified by Goff
(1975) in data collected by the instrumented WKY-TV tower. By plotting
these data versus time, the disturbances can be readily identified.
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Secondary surges often exhibit characteristics associated with the passage ::y:

of a gust front (i.e., abrupt changes in wind speed and direction, tem- AN

perature drop, etc.). There has also been evidence of secondary surges in :r:.:
-t

mesonet data (Charba, 1972). Little is known about these disturbances,
beyond the fact that they exist. It is currently assumed that they do not
affect the character (propagation and structure) of the leading edge of the
outflow, but there is little evidence to support this assumption at pre-
sent., It is sufficient to note here that the banded structure (label B) in
the outflow maintained its structure as the outflow propagated to the
northeast.

2. Tower Data

Figure IV-2(d) shows data gathered at the WKY-TV tower during the
passage of the gust front. In these plots time increases to the left, pro-
ducing an approximate spatial representation of the gust front. The
outflow boundary (1815 CST) is marked by an abrupt wind direction change
and rising wmotion in the streamlines, a slight cooling in the potential
temperature field and an increase in the component of the wind perpen-
dicular to the boundary. There is no evidence of a gust front in the ver- N
tical velocity and parallel wind component plots. There is a disturbance LR
in the streamline analysis at 1827 CST, located approximately 10 km behind S
the leading edge of the outflow, which corresponds to the banding in the
Doppler velocity field. The streamline pattern at 1825 CST indicates the
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oY location of the storm's downdraft. Thus, the aforementioned disturbance is
-::f- within the outflow moving toward the rear of the storm. Subsequent distur-
s bances are found in the tower data not shown here. This tends to substan-

i |

tiate the presence of secondary surges inferred from the single Doppler Nl
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C. Case 3: 19 June 1980

g

-
-~

l. Synoptic Situation

A surface warm front across southern and central Texas and an upper
level short wave trough combined to produce severe thunderstorms. The
storm that generated the gust front in this case study developed around
2130 CST and moved east-southeast., However neither the storm nor the gust
front were scanned by Doppler radar until about 2215 CST.

2. Doppler Radar Display

The first scan taken was a full PPI which showed that the gust front
stretched from 270° to 360° at a distance of about 40 km (see Fig. IV-3(a)
through IV-3(c)). In Fig. IV-3(a), the cursor indicates a portion of the
gust front that separated from the precipitation echo to form a thin line
(320°/35 km). However, the pattern in the velocity field (Fig. IV-3(c))
suggests that the southern portion of the gust front (label A) is not asso-
ciated with a thin line echo (label B) in Figure IV-3(a). There 1is no
definite pattern in the spectrum width field to indicate the presence of
the gust front. The area of enhanced spectrum widths at label C is in
clear air, which implies a weak signal., Although the signal is strong
enough to allow detection of the outflow (label A, Fig. IV-3(b)) in the
mean velocity field, weak signals produce invalid spectrum width estimates
which cause the display to appear very “noisy”. The signal-to-noise ratio
threshold (ST) in Figure IV-3(c) is 0 dB. Increasing the threshold to
10 dB (Fig. IV-3(d)) removes all information in this area (label D),

3. Tower Data

Af ter completion of a volume scan at full PPI, the radar began sector
scanning the storm at position E (Fig. IV-3(a)). Hence, only a portion of
the gust front was scanned. The outflow moved south-southeast at 10 ms~l
and crossed the tower at 2213 CST. Figure IV-3(e) shows the plots of the
tower data. The passage of the leading edge of the outflow produced a
nearly indiscernible cooling in the potential temperature field and a gra-
dual but noticeable irncrease in the component of the wind perpendicular
to the gust front.

4. Thermodynamic Sounding

Figure IV-3(f) is the sounding from Norman (OUN), OK which was taken
approximately one hour before the arrival of the storm. This sounding 1is
characterized by strong directional shear from 950 mb to 750 mb, but little
speed shear, A slight inversion is present at 1 km. The lifted index is
approximately -7.
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Fig. 1IV-3. Plan Position Indicator displays from Norman, OK Doppler radar
for 19 June 1980, 22:18:44 CST:

(a) Reflectivity in dBZ.
l (b) Mean Doppler velocity in ms~1,

- (¢) Doppler spectrum width in ms™l. S
| (d) Same as (c), except at 22:18:40 CST, ST=10 dB. NS
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D. Case 4: 15 May 1982

1. Doppler Radar Displays

This gust front was produced by a cell that developed 80 km west of
Norman, OK (NRO) and propégated eastward. The Doppler radar began scanning
this storm at approximately 1930 CST, after the gust front had already
begun to develop. Figures IV-4(a) through IV-4(c) show the Doppler
displays for 20:14:18 CST. The gust front has separated from the parent
storm (Fig. IV-4(a)) and formed a thin line signature (cursor). The velo-
city field (Fig. IV-4(b)) shows inbound velocities coincident with the thin
line (cursor) and outbound velocities on either side. The outbound veloci-
ties occur in clear air and the spectrum widths in Fig. IV-4(c) are
correspondingly large (label A). Some range folding is apparent in Fig.
Iv-4(b) (label B). As in Case 1, spectrum width (Fig. IV-4(c)) increased
near range folded regions (label C). Although the pattern is not obvious,
there is some enhancement in the spectrum width field that 1is associated
with the outflow (label D).

2. Tower Data

Plots of the tower data are given in Fig. IV-4(d). The streamline
plot shows convergence occurring at a level of 300 m in the environmental
air. The gust front reached the tower at 2037 CST, which is indicated by
the rapid cooling in the potential temperature field and increases in all
three wind speed components.
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E. Case 5: 30 May 1982

1. Synoptic Situation

A B

On this day, a surface low pressure center was located in north- e
central Oklahoma with an associated frontal system oriented east-west Q&t
across extreme northern Oklahoma. A dryline extended south-southwest along Hﬁ\
the Texas-Oklahoma border and a surface low pressure trough stretched from had
north-central Oklahoma into central Texas. Thunderstorms developed in
western Oklahoma as the dryline moved eastward. 'néﬂ

2. Doppler Radar Displays . t:zi

The gust front is depicted in the three spectral moment displays pre- et
sented in Figures IV-5(a) through IV-5(c). The cursor marks the inter- R E:E
face between the outflow and environmental air (Fig. IV-5(b)). The gust N
front has not moved away from the storm to form a thin line echo (Fig. .
1v-5(a)). However, contrary to most of the previous cases, a well-defined e
linear pattern of enhanced spectrum width (Fig. IV-5(c)) is present at the e
outflow edge (cursor). el

The large area of folded velocities (35 ms™!, label A) in Fig. IV-5(b) ;‘;
is a feature of interest. Dual Doppler data is available for this time and S
is presently being analyzed at NSSL. Preliminary results indicate the pre- Q):
sence of one or more downbursts in this region (Eilts, personal :xiﬁ
communication). The bulge of the gust front (label B, Fig. IV-5(b)) in f;:

this display may be a bow echo, which has been identified as a possible
characteristic of downbursts (Fujita, 1981).

‘. B
r 'y .

To -

Figures IV-5(d) through IV-5(f) show the same gust front at a later
time. The outflow boundary has propagated eastward at about 20 ms~l. The
wave located near the cursor in Fig. IV-5(b) has disappeared (Fig. IV-5(e))
and a larger portion of the flow has become perpendicular to the radar beam
(the area of zero velocity is larger than in Fig. IV-5(b)). The leading
edge of the outflow has moved ahead of the precipitation but does not
appear to have an associated echo line. Identification of the thin lime
may be hampered by ground clutter in the area. Fig. IV-5(e) indicates .
. that relative to the environmental flow, the outflow is more turbulent RN
. (label C) and the division between the two flows is still pronounced E;;

F (cursor).
& .

3. Tower Data

S aie R A U S0 4
DA

Presented in Fig. IV-5(g) are plots of the WKY-TV tower data. The .
A gust front reached the tower at 2115 CST, as can be seen most dramatically L
& in the potential temperature field. The passage of this gust front is also
- accompanied by marked changes in all three wind components (2116 CST) and
. the transition from turbulent flow ahead to roughly laminar flow behind the
- outflow boundary.
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4. Thermodynamic Sounding

Figure IV-5(h) is the sounding taken at Tuttle (TTS), OK at 1900 CST,
about one hour prior to the arrival of the thunderstorms. The veering of
the winds with height is dynamically significant for the formation of
severe thunderstorms (Klemp and Wilhelmson, 1978). The atmosphere is quite
moist below 800 mb and dry above. The 1lifted index for this sounding is
roughly -11 (an extremely unstable atmosphere) with very little capping
from the 800 mb inversion.
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F. Case 6: 17 May 1983

1. Synoptic Situation

A dryline extending from eastern Colorado to the Texas Panhandle moved
eastward during the day and reached western Cklahoma by evening.
Thunderstorms developed along the north end of the dryline in southwest
Kansas and built into northwest Oklahoma., A second line developed ahead of
the southwest end of the first line and moved over Norman, OK.

2. Doppler Radar Displays

The three spectral moment displays are presented in Figures IV-6(a)
through IV-6(c) for 2235 CST. The cursor marks the position of the gust
front in the vicinity of the greatest radial shear., (Notice that the sec-
tor scan did not include the entire gust front.) There is no indication of
the gust front in the reflectivity field (Fig. IV-6(a)), nor is there a
clear-cut pattern of enhanced spectrum width (Fig. IV-6(c)), though some
enhancement is occurring (label A). The Doppler velocity display shows a
noticeable bulge in the outflow near the cursor, which coincides with an
area of enhanced reflectivities. In the tilt sequence immediately pre-
ceding this volume scan, velocities of 30 ms~l (folded) were present in
this region. Some folding is still evident in Fig. IV-6(b) (label B).

3. Thermodynamic Sounding

This gust front continued to move east-northeast at about 19 ms~! and
did not cross the WKY-TV tower. Figure IV-6(d) is the sounding taken at
Tuttle, OK at 1936 CST, approximately 2 to 3 hours before the storms moved
into the area. Low level environmental flow is from the southeast and
south. Veering of the winds with height is evident in this case, as in
previous cases. A layer of moisture extends from the surface to 800 mb and
the lifted index is about -7 with a slight capping inversion at 800 mb.
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G. Case 7: 10 June 1983

1. <“-noptic Situation

An upper level disturbance and moderately unstable low level con-
ditions combined to form a line of thunderstorms stretching from south
central Kansas to the northeast Texas Panhandle, By the time the Doppler
radar began scanning this line, the gust front had already formed,
separated from the storm, and produced a thin line echo.

2. Doppler Radar Data

This case illustrates how range aliasing can inhibit gust front detec-
tion. The cursor marks the position of the thin line echo in the reflec-
tivity field (Fig. IV-7(a)). However, on the velocity (Fig. IV-7(b)) and
the spectrum width (Fig. IV-7(¢)) displays, the cursor denotes an area of
range folding. Returning to the velocity display (Fig. IV-7(b)), one
notices that there are only small, isolated areas where the flow has a comr
ponent along the beam. The velocity field is dominated by zero velocities
and the only place one can infer the wind shear across the outflow boundary
is in the area labeled A (Fig. IV-7(a)). Even the spectrum width field
(Fig. IV-7(c)) does not present a well-defined turbulent region associated
with the gust front.

3. Tower Data
The gust front propagated southeast at about 8 ms~l and crossed the
tower at 2144 CST (Fig. IV-7(d)). This is evidenced by the change in the
streamline pattern, by the cooling in the potential temperature field, and
by an increase in all three wind components.

4, Thermodynamic Sounding

Figure IV-7(e) 1s the sounding taken at Tuttle (TTS), OK at 1901 CST,
approximately 2 hours before the line moved into the area. As before,
winds veer with height from southeasterly to southwesterly at 500 mb. The
lifted index for this sounding is on the order of -5.
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- H. Case 8: 26 April 1984 tple
W bt
’ The final case presented here involves two gust fronts which were

produced at different locations along the same line of storms.

1. Doppler Radar Displays

Figures IV-8(a) through IV-8(c) show the three moment displays of
the first gust front produced by this line of storms. This outflow never
separated from the storm to produce a thin line echo (Fig. IV-8(a)). The

gust front is defined by the strong radial shear pattern in the velocity )
- field (Fig. IV-8(b)) and by the line of enhanced spectrum width (cursor) . tf{i;
N in Fig. IV-8(c). D

Figures IV-8(d) through IV-8(f) show the gust front at the next ele- .

vation angle (1.5°). Although the winds behind the outflow leading edge

are no longer all inbound (Fig. IV-8(e)), strong radial shear is still

found at the boundary. In this case, the spectrum width field (Fig.

IV-8(f)) may be more useful in defining the gust front because the pattern

is more pronounced. An interesting feature is evident in Fig. IV-8(e)

(label A), where the band of inbound velocities is surrounded by outbound

velocities. It is believed that the radar beam is cutting through the head

- of the gust front and sensing environmental winds on either side (roughly

- from the southwest at 35 ms™'). The location of the radar beam illustrated

" in Fig. IV-8(q) indicates a possible configuration for that in Fig. IV-8(e).

y The area of positive velocities (label B) in Fig. IV-8(b) is associated
with the higher reflectivities of the precipitation echoes (Fig. IV-8(a),

AR
A e, tete Ar

v
‘N

’ label C) and therefore probably corresponds to the divergent signature of s
- the main storm downdraft. ﬁtﬁﬂ
S

The line of storms continued to propagate east-northeast and, at about {'Qt

. 2040 CST, it became evident that the cell at the south end of the line was Sy
o producing a second gust front, Figures IV-8(g) through IV-8(i) show the Fffj
. reflectivity, Doppler velocity and spectrum width fields, respectively, for o
- this gust front. The outflow is most well-defined in the reflectivity }}:}
I field (Fig. IV-8(g)) as a thin line echo (cursor) which undercuts the cell RSO
- at label D, The degree of radial shearing along the outflow boundary (Fig. {{{5-
IV-8(h); cursor) is not large. The only evidence of a gust front in the 'Qi\:

.; velocity field is the slight decrease in the negative velocities behind the
boundary (e.g., label E).

51 The large spectrum widths (Fig. IV-8(i)) at labels F and G are due to fff;
o weak signal. There is no obvious pattern in the spectrum width field that e
- can be directly related to the outflow boundary. .

It should be noted that in Figures IV-8(g) through IV-8(1i) the
. threshold of the signal-to-noise ratio (ST) is 0 dB. Figures IV-8(j)
- through IV-8(1) show the same scan with ST=10 dB. By increasing the
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(k) Same as (h), except at ST=10dB.
(1) Same as (i), except at ST=10dB.
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threshold, the clear air signal is removed leaving line features in all
three fields. Notice the enhancement of the gpectrum width indicative of
real turbulence along the gust front (Fig. IV-8(1); cursor).

As the storms propagate to the northeast, the parent cell of the
southern gust front continues to create a boundary which moves eastward.
Figures IV-8(m) through IV-8(o) show the three spectral moments (ST=0 dB)
of the southern gust front about an hour later, after it has moved east of
the radar. The thin line echo (Fig. IV-8(m); cursor) is still evident,
but a change has taken place in the velocity field (Fig. IV-8(n)).

Whereas in previous scans no radial shear could be seen, now a definite
shear line has developed (cursor). Winds behind the outflow boundary are
outbound (positive) and environmental winds are inbound (negative). A
faint linear pattern of enhanced spectrum widths (Fig. IV-8(o); cursor) is
discernible., It is interesting to note that this pattern is maintained
even where the gust front undercuts a storm cell to the south (label H),

2, Thermodynamic Sounding

Figure IV-8(p) is the sounding taken at Edmond (EDM), OK at 1819 CST
which preceded the storm by 2 to 3 hours, As in all previous soundings, the
winds veered with height., The lifted index for this case is about -7 with
a slight capping inversion.
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- Fig., 1V-8(q). Simplified vertical cross-section of a gust front. Stream-
l lines are gust front relative., The path of the radar beam indicates how

the inbound velocities within the outflow may be surrounded by outbound

velocities in the environmental air as in Fig., IV-8(e). (Adapted from
Goff, 1975.)
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V. CONCLUSIONS

Eight case studies of gust fronts that occurred in Oklahoma are pre-
sented. The Doppler radar at the National Severe Storms Laboratory was
used to scan these storm systems. The major findings of this investigation
are:

1) Doppler radars are useful in detecting gust fronts which appear as
either thin line echoes in the reflectivity fields, linear patterns
of radial shear in the Doppler velocity field, lines of enhanced
spectrum width or any combination of these three. The frequency of
occurrence of these signatures for the ten gust fronts presented in
this report are tabulated in Table V-1.

2) Thunderstorm outflows are detected first and most reliably in the
Doppler velocity field. The outflow boundary appears as a line of
radial convergence (radial shear). In the eight cases presented
here, the maximum radial shear is about 12 x 1073 g~1 and the mini-
mum is a threshold value of 0.5 x 10”3 s™l. As the outflow boun-
dary becomes radially oriented with respect to the radar, the shear
across the outflow boundary becomes azimuthal instead of radial.

No measurements of azimuthal shear were made in this investigation.

3) Gust fronts can be detected in the spectrum width field as linear
patterns of enhanced values. Turbulence is present at the inter-
face between the outflow boundary and environmental flow. In some
cases, radial orientation of the gust front can prevent its detec-
tion in the velocity field, but as Z-L have shown, a line of
enhanced spectrum widths may still be evident. If the gust front
moves into an area of weak signal, the corresponding increase in
the entire spectrum width data field may obliterate any evidence of
the gust front pattern. Enhanced spectrum width alone is not
reliable for locating gust fronts because the estimated width of
velocity spectra can be large due to factors such as range folding
and weak signal which are not related to turbulence.

4) In the early stages of development, the gust front is associated
with the higher reflectivities of the precipitation echo. Gust
fronts have been found in reflectivity fields, but only after they
have moved away from the parent storm and formed a thin line echo.
Z-L used the 2 dBZ contour to define the gust front echo. For the
eight cases presented here, the smallest value of peak reflectivity
was 7 dBZ (in agreement with Z-L).

5) The ability to identify gust fronts in clear air on the radar
displays is strongly dependent upon the threshold of the signal-to-
noise ratio (ST). For instance, comparison of velocity displays at
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TABLE V-1

OCCURRENCES OF DOPPLER RADAR SIGNATURES FOR 10 GUST FRONTS

Gust Front Reflectivitzl Velocitx2 Spectrum wideh3 )

30 April 1978 (Northern) x4 X x4

30 April 1978 (Southern) x4 X x4

2 May 1978 X
19 June 1980 X X
15 May 1982 X X X

30 May 1982 X X

17 May 1983 X X X o
10 June 1983 X !
' 26 April 1984 (First) X X
26 April 1984 (Second) X X4 x4 .
- -
& 1. Thin line echo 5&7{*

2. Line of radial shear
3. Line of enhanced spectrum width
4, Not present in first scans, but developed later
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5) continued

ST=0 dB and ST=10 dB shows that a significant amount of weak signal
is removed at the higher threshold and that the gust front signa-
ture in those areas is eliminated. Thus, it is desirable to use a
low threshold in order to be able to see the entire outflow boun-
dary. However, as the ST is decreased, the spectrum width field
becomes very “"noisy” which can lead to obscuration of the gust
front signature in this field. So, high thresholds are needed in
order for the spectrum width gust front signature to be detected.
The root mean square (RMS) error for velocity and spectrum width at
SNR=10 dB is 1 ms~! while at SNR=0 dB, the RMS error is 2 ms~! and
3 ms~!, respectively* (Doviak and Zrnic, 1984).

One of the greatest challenges that NEXRAD must face will be to detect
and provide adequate warning of low altitude wind shear. Gust fronts that
do not separate from the precipitation echo are not dangerous because
pilots do not usually fly into high reflectivity areas. As the outflow
boundary moves away from the storm, its reflectivity decreases and the gust
front becomes more difficult to detect. Relying on reflectivity alone as a
measure of the potential hazard is unwise because, as shown here, these low
reflectivity outflows can harbor significant, possibly dangerous wind
shear. The use of Doppler velocity and spectrum width is essential, Also,
the ability to identify hazardous wind shear in its formative stages (i.e.,
associated with precipitation echo) allows one to track the shear line as
its signal strength decreases.

The eight gust front case studies presented in this handbook display
many differences as well as similarities. The purpose of this investiga-
tion was to define storm ocutflows in terms of their empirical evidence in
the Doppler radar data in order to facilitate the development of automatic
gust front detection algorithms. This work, together with Z-L, brackets
the range of Oklahoma gust fronts detected by the Norman Doppler radar. It
provides, in an easily accessible form, a reference depicting the charac-
teristic features of these phenomena that could reliably be used for their
automatic detection and tracking with single Doppler radar. Many of the
eight cases presented in this report were also scanned by the Cimmaron
Doppler radar. Dual Doppler data are available and analyses of the cases
would provide valuable insight into the structure and 1life cycle of the
outflow. The understanding gained from these analyses would improve detec-
tion, tracking and prediction capabilities,

*These values were arrived at assuming a spectrum width of 6 ms'l, an unam-
biguous velocity of 23 ms~1 and 32 samples.
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APPENDIX A

Gust Front Characteristics
*
This appendix contains tables of gust front characteristics computed

by interactively using the NSSL color displays and cursor. Listed below
are explanations of the categories tabulated on the following pages.

Time ~ beginning time of tilt in hours, minutes and seconds (HHMMSS) CST.

Elevation - elevation angle of the radar antenna in degrees.

Height - height (km) of the cursor at the point along the discernible gust
front which is most distant from the radar.

Length - length (km) of outflow leading edge that is discernible on the
Doppler radar displays.

Radial Wind Speed in Outflow - magnitude (ms~!) and radial direction (+ or -)
of the maximum, minimum and average radial winds within the outflow in
the immediate vicinity of the leading edge.

Distance from Max Wind to Outflow Boundary - perpendicular distance between
the area of maximum wind speed in the outflow to the boundary
separating outflow and environmental air.

Reflectivity Along Gust Front - maximum and minimum reflectivity (dBZ)
along the leading edge of the outflow.

Spectrum Width Associated with Gust Front - maximum, minimum and average
values of spectrum width (ms™1) along the leading edge.

Signal-to—Noise Threshold - value of the signal-to-noise ratio (dB) below
which no data is displayed.

Distance from Gust Front to Generating Storm - shortest distance (km)
between the center of the generating storm and the gust front. In
cases of lines of reflectivity in which no parent cell was
distinguishable, this distance represents the average perpendicular
distance between the center of the line and the gust front.

Reflectivity Gradient of Generating Storm - gradient (dBZ*km~1) of the
reflectivity field at the leading edge of the storm.

Distance from Gust Frout to Radar - distance (km) between the Norman Doppler
radar and the closest point of the gust front.

77 PREVIOUS PAGE
IS BLANK




v -\.\-.- AT
o

’, \na\t . g -. -...--.---.
".«..\-Pr N A e
"\ . (] ‘ ’ ....
b ‘.
1O ‘.
oyt .,
b 3
P .
w.-‘\” -\-
b
". -. --
. €e 11 S 0 S [ £ | 4 oY (] L= 81— [8°61 [0°1 S°1 125502 S
J“ 1€ o1 S 0 9 » {e L oY 1 - 81— [ 1°L1 I %0 L°0 974502 m
mu 1€ 8 ({1 0 S 1 (8 1-. 1¢ S L~ 8Z- |t°vz |1°0 €°0 §2Ec02 .{
- -- -l
' o% 8 4 0 S » |8 z (119 1 €1- €Z- | v°0T |S°T 0°¢ Z0Y%0¢ N
. Lg 4} € 0 € » |t 1= (119 1 €1- 81— JL°tE |2°1 S°1 10€%02 m
vm 9¢ L [4 0 S 4 8 L 119 1 L- Ze- |6°€Z [9°0 L°0 00290¢ c@
-3 e -A
" ..-‘
. 9¢ €1 6 0 9 € 8 4 9¢ 1 L= (R CAN WAL WA A1) £°0 850907 ;
mm 9y €1 1 o1 v > |et L 119 1 €1~ 81- |0°6 |S°C (e e1e0¢ .w@
w... .....1
ra. w9 1z 1 ot Y © 8 4 oy 4 [ 8T— {L°%1 [€°1 S°1 7£0£02¢ L“
- s o] . .;1
W Yy 71 11 01 9 » 8 4 91 Y €= 81- {1°" [9°0 L°0 £€6702 = h
ﬂ Sy ot €1 01 S 4 9 [4 11 € €1- 81- {9° Z°0 £°0 £820¢ .m
o .
3 . ]
; moY | oow | mmolan > | = 3 2 | = =0 > = I m ™ s
: sc|ege lgdelgE | S |5 |B| 6 |§ |gef | Z|E|E| s |E|EF .
r - ® O m SejoB Do [ 0o < 4
, R o ® o oo o o = oo s
= 3 Bgo S Boer = e ~ iy
) 0 Ied 124 ~ct 0O o0 —~ .
- - 1 B m.oa I~ b ® ~ ~ [-%°) '
5 Wuu«. 8...0:"... (Ou .N )MJ ) m. e ° o
3 ag | "< Bg| & (-59) (zap) Fog b I
! B I g8 | o quoxg 1sny auoxg ~e8 (7-5@) moy3Ing >
m ~2 g 5 2O " YITa pajefoossy Isny Suory < m uy paadg (SSHWHH)
3 ge N gal o 4IpTM unaiydadg | A3par3oefjey PUTM TeTpRY WL
- i

. (3uoayg 3sny uasyiaoy)

8L61. 11¥dV O€

SOILSTHILIOVIVHD INO¥S 1S0H

-V 319V1L




4

=

TN A

; P AL
i .

Lz St 4 0 " " " I- Sy 4 €1- L~ |8T-fjSs ST jT°¢ 0°s 966012
Le 1 € 0 " “ " 1- 12 0 L= 0 j€-|z°0Cz |8°T] O°¢ $s8012
£14 <1 6 0 - “ " 4 1z 0 L= 0 jeT-}j6°L1 670 s 1 £6L01¢
ST 81 9 0 - - " 11 9z 0 L= 0 (8I-}%°1Z|€°0 L0 25901¢
(14 61 € 0 " “ " [4 9t 1 L- 0 JeT-31°61 |T1°0 €°0 166012
k43 o1 4 0 2TqeTreAE j0u 4 134 0 L= 0 81— |1°91 |L°¢€ 0°s 0£L50¢
LE 9 € 0 9 4 8 T~ 9¢ z - 0 |8I- jS°LT §56°1 0°t 829607
o DOw PR > = = W EO > o= I = 1
36 |88 (sEE|RE | F |5 |E| B |§ |SEF| E|E|E| 5 |E|&E
- (LI m Sl 3 Nt [ ] - <
2 ] N ] e o Q ] [ad -8 o ®

] 13 0 3 - B3 - - [ad
58 |E2% [god|Es 3838 ~ =1 z§
gn |2o5 | Lon|®] ~fn E|E| &’
agd | «™g 8 m g (1-59) (2dp) ga38 i B
n -] M - e o juoxg iIsny juoag /\m.. =] Sumﬁv MOT3IND
~2 g 5 8o o Y3¥m pajeroossy asny Zuoty £ W uy poadg (SSWWHH)
g o k2t & YIpTA wnaoadg | A3FATIDefyey PUrM TETPEY ouy

=

(*3u0d) 8/61 1I¥dV OF

SOTLSTYALOVIVHO INO¥d 1SND

-V 319Vy

79




Lo Sl N

A

rew

o 4%

[43 11 L 0 21qeireae jou| 7y Sy 9 L=~ [- )82~ | %°9C {S°¢E 0°S 0€(502
1¢ 9 8 0 9 € € T- 9¢ 9 €1- |- €2~ |8°%C |9°1 0°t 829602
1€ o1 6 0 8 > £ A ¢ 1- 91 S 81- |0 |Ze- }8°9y jS°1 S°1 LTss0e
62 L L 0 L »  |ot L 1€ z 81- |0 |JZ€- {16°9% |80 L°0 9T9s02
0t 19 9 0 6 S 11 1= 9¢€ 9 81- O (2¢~ |0°%S | »°0 €£°0 6Te50¢
(%4 < 6 0 S » et 1- 1€ € 81— 14— |87~ J0O°tE |81 S°1 10€%0¢2
SYy 9 ot 0 9 > o1 L oYy 4 €1- 10 {87~ [9°%S {6°0 L0 00T%0¢
Yy 9 6 0 L > fer L oYy 4 €1- 10 182~ |v°0S | %0 £°0 850%0¢
(19 € 9 o1 4 » |8 1¢ Sy Y - [0 |82~ |8°9Z [1°C 1 %€0€0C
119 S 6 o1 Y ©» |8 12 oY € {- 0 |8TI- j0°0E JI°T L0 €£€6202
119 S 6 01 Y L [0} L 9z € (- O |8T- |6°8C |S°0O €0 2£8207
- o aox Mol n > = = <4 = wE O L <3 = 3 3]
Se |sga |cERlEE | S |6 |E| E|§ |EEF| E|E|E| s |E| EE
S [ mul o3 B3 a0 o [ - <
o " . tplaop [ 2 > o m

3 BWO 3 I - [T ] = " P2
T0 (24 [ad ~rr 0 O | pMOD o~ e
o m...o..r Wsoa =t [ ~ ~ [- W »]

mlRos | Sam|™? A B || &7
g8 |58 | T8E| = (15w o) | F5E Rl
&8 g A nm o juoxd isng Juoly e (1-sw) morj3ang
),W | =1 8o o YITM poIBFI0SSY isng 3uoty € m ur paadg (SSWHHH)
m -4 Dy g8 ™ y3iprM uni3oadg | £37arioerioy PUTM T®TP®Y CLU e

g ® e
=

v ¥a te fe e

cetsT e B 62
-.~..--

¢;

(3uoxg 3snH uidyinosg)
8L61 TI¥4V O€

SOILSTWALOVEVHD INO¥A 1SND
-V 414vl

80

T
A

.

* L
I T DA N

(s




FTR TN T

TN TR T T

LA

TV
Sl TN

PR

bt 0l

LIPS

N W)

A Aok

(RO IR R AR
P Nenpte
N A
0 S S 0 “ - " [4 9¢ 0 0 0 J€T-}J1°09 | 1°¢ 0°S e
0 1 L 0 " - “ 4 . S% 0 (- {0 [€Z-]10°v9 16°1 0°¢ |FAYARA
Iepey possed Juoid 3Isny
ST 1 € 0 " " " 4 1€ Y 8T- [L-]|9¢-]9°0% j6°¢C 0°¢ Ls0112
91 8 6 0 - " “ 1- 9¢ Y €q~ L~ ]9e-]T°St [S°2T 0°¢ 956012
L 8 S 0 3Tqerreas jou 4 1€ 1 81- O (9t~ | %°€E 18°1 0°¢ $68012
81 [A 1T 0 “ “ “ [4 1z S 8T~ |L- |Ce-}T°0C |6°0 Sl €6L012
61 8 11 0 “ “ “ L 9¢ € 81- |0 |82Z- |¥%°SS |9°0 L°0 269012
(44 8 1 0 “ - " 4 1c ki 81- 10 |82~ |%°69 |%°0 %0 166501¢
o QO™ nmoldw > = <3 = = I - = >l x| = I ] ™
3% | 858 |gEEEE | |6 |E| B |E |EEE| EF|E|E| 5 |E|EF
S 0 A Sajod g a e (] [ <
L ] ] m e oL a. ] [ F [}
-] 280 A ] L "~ ~
"N (84 (a4 ~er 0 10 " OO0 ~ .
on W Lo -] WI oM =t < (1] ~ ~ a0
< ao e 5 g ® 5
a9 n < 83 o (1-59) (zgp) 53 e
n 3] S e 8 b juoxg 3Isny juoxy i~ ] Aﬁlwﬁv MOT33IN0
~2 7 5 - o YITA pa3IBTO0SSY Isny Buory € X uy paadg (SSKTiH)
ga Dy ge o Y3IpTH wna3dadg | L3paTIafzey & PUTM TeTPE®Y /UL
&
(*3u0d) 8/61 TI¥AV OF
SOTLSTRALOVIVHO INO¥A 1.SND
¢-V 314Vl

81




i
3
e Ve

\:,

Ky

A

YA S

.

-.‘.

_.: (i) awpey 03 Juoli| o o o

" ISNH Wol1j IJuUBISIQ T N

S wi03s Supjexausy

W Jo juagpeay| wn —~ =

N ({-™1.28p) £3TAFIdRTIeY

.

“N

X (@) wxolg| o o o
Sur3siowey o3 Juoald n ™

-y I8N Wox3 IJUBISTQ

proysaiyy
(dp) 9sFoN-o3-TRUBIS|] © © 2

N 'ﬁ § 3 B H H
T 3 M AY
. -
- o3-S .
§ & =, wR| toc
. L@
v -5l
3 [T
- [N )
R4 : ‘g.g XeR H H 3
S n -
- o
] ] >
.~ 0 FeRrT) — —t —t
o 5 Q o8 ur [ [ [
. g\'j ~ 230~ H
= &
<3 e §pEs
- Q
S €3 2 ZEES el g o2 o2
- g e ) 4
= 2 -
) 8 P~ (m{) Lxepunog
g w9 moT3INQ 03 puFH| © 2 ©
o _u o 1 Xel WOlJ IDUBISTQ
- 7]
- = «”
. o -
- —t M~ Ll o
. < [ 1 +
850 3ay
2 &
. -9 3 u T g e
® @ O TH
- el -]
7% x| & 8 2
§ g W ' + +
- © w0 ~
- 4 . . N
- (=) yaduwap| < Q5 y
v — Yy
. = o
o~ ~
_ ~
() wByag| » 5 3 H
- 2
- Y
(8sp) @2183uy| ©o » < g
UOTIBAITI| ~ S = -
. — g
. o o —f
& U
- % S 0
. ~ I | |
N [72] ~ ~3 3 ]
- ¥ m © ®© X 3
- LE: S 33 S8
' - oo as
.L- ~ < W
¥ < a
» 82
5.'




el LTI W IT ORI E WYY

Pl 2 gt Y Vi 0 g gy

Ppital-ory g’y

-1

B e i e

B 3 =ity 2 i il

P A

e TN

"

v

B

T

s a dZERF L~ 22 0 1

DN

2_4_r_ A

SOILSTHALOVIVHD INO¥I 1S1D

£-V 319Vl

" € 8 o1 ] » < 11 0¢ £ 6+ | olet+ jgrog |0 L0 159081
< € 1 ot Y | 5 S 12 0s 0 s+ | oje+r J16E |1°0 £°0 7€5081
v 1 8 o1 z | 9 12 1) z s+ | o|e1+ [1°ec |80 £ L%2081
€ 1 L ot 2 194 9 12 11 0 s+ | 0+ [s°¢s )0 v°1 821081
£ z 8 o1 r4 52 9 | 92 9¢ 0 ¢+ | ofe+ }iroee |20 L°0 010081
0 z 1 o1 4 ©» 9 z 0¢ 0 s+ | ols+ Jo%ee {1°0 £°0 0585L1
1 4 6 ot v o L 92 0s € s- Joje- o'ty 60 v°1 zzIvL]
€7 z ot o1 1] 53 9 97 (V]9 ] 6- s-l91- l< 15 | 9°0 L0 €00%L 1
€T z st ot S | ] 12 0g 1 6- | 0 |91-|€°v9 [¢c0 €°0 798EL 1
119 1 o1 o1 < € L 91 oY [/ 0 0 [s- o8 |11 L*0 £€90L 1
9 v £1 01 S £ ¢ 1 9 ] s- | o]er-l9°v6 |60 £°0 £150£1
O oO0Ox Mo |dn > < 4 = nv > <3 | = =
S€ |83e |SEE|BE | & |F |E| B |E |EEE| F|E|E| 5 |E|EE
- o B~ m Berjed S o ) [
-] " oD e lop Q. ® [2J -4 o
-4 » W o 3 I e e 3 -3 (o4 [ad
o (2] (a4 ~rn 0 J]0 ) oM Q0 ~ -
(- 3 W [ad .M ﬂ.. (- ] ﬂ ..0- L] ~ ~ a0
o 3
£g (272 | 83| 8 (1-5w) (zp) | Fog N I B
“ -] ..0< —~ R .&. juoxq Isny Juoxg ~ W B8 Amlw.uv MOT IING,
2 7 s - o Y3ITA pa3e]d0Ssy 1sny 3uory € W uy paadg (SSWIHH)
g 8 el 2 43IPTA un13idads | £37ay3oetyey PUTM TeTpPTY aury
S’
- I
-
A
8L6T AVK ¢

83




.

I

11 4 V/N 01 9 [4 6 1- 0s 0 v+ 0L+ JZ°L61f1°1 £°0 206€81
%1 4 V/N ot Y | 94 L 12 1€ Y S+ 06+ |%°1v J¢S°0 LAR gsyigl
1 [4 V/N (12 Y 194 L 11 (¢]% 9 6+ 0 J€I+ ) €£°0L {9°0 L°0 €ECIgt
L € V/R o1 S » 6 91 92 0 6+ 0 €I+ [€°SsO1)2°0 £°0 217181
1 € L 01 Y > S 92 (1)} € 6+ 0 J€1+ e Lz | v°0 °1 018081
o oOX ngoidn »> = = = wEy > = = = r
ic |88 |s3c|FE | S |5 |E| §|§ |gEf| E|E|E| & |E| EE
S e 0 O = m St in D o (2] ] =<
o ] " =0 oo awm [-% ) [ad -2 o ®
=] ] m 0 31D - o3 o (24 (ad
toO I3 ' ~r 0 |0} N OO0 —~
om m. " Mr W: o0 N m.q « [ ~ ~ a0
o ® O ~ Q- 1 ~E ] g 8°
23 |»"9 | 8%)| & (1-52) (zap) | g g Nl I B
] g o ] B juolg 3snH Juoxg ~ 8 (1-s@) mor3Ing
\,m g [ ® m © Y3ITm poIeIO0SSY Isny Suoty € W uy paadg (SSHWHH)
ga D ga = Y3pTM una3dads | £3rarioaryey PUTM TeTp®d L 9
~r [ -] -]
M &
-
-

VXX i RAARS  (AREAES.: I

("3u0d) g/61 AVH 2

SOTLSTHALOVIVHO INOYd 1SN9

£-V I74VL

84




A B

At

[ E . UL LR . M

»Y h?.v... - |
AR
SR .
x4 € 61 0 S Y o1 11 1¢ [4 L= 0 |81-|2T°8T }9°0 £l 076227
x4 S 61 0 L4 € ot L 92 S €1~ 0 |8I-§6°LT | %°0 6°0 106272
{c Y 91 0 L4 4 ot L 0s k4 €1 L-{EC- [ S°L1 j2°0 ?°0 %6822
92 “ A 0 L4 » |t L 119 S €1~ 0 }€c- | 8°61 | 0°0 0°0 9498227
9¢ " 8 0 [4 1Y e 0% 0 L= 0}~ J0°9 s°T L A4 0§zt
Se - 8 0 L4 19 92 oYy 1 L= 01eT- €91 |0O°T Lt weTeTT
(413 “ L 0 S L4 6 z (1) [4 L~ 0 |€1-]16°C |9°0 z°1 122222
43 - 18 0 9 r4 01 L £8< £ €1~ 0 18I~ }2Z°I1Z | %°0 8°0 80CTT?
1¢ v/N [4 0 9 [4 o1 L L8< S €1~ 0 |81-]0°9Z |Z°0 %0 Ls1eee
€e 1 0 0 9 > s 1- Sy 1 €1- 0 |8T-]¢€c°2s |e°0 9°0 €08122
|8 8 11 0 6 o Jet 1- 1€ 0 L= 0 |8C- %1€ |¥v°0 %°0 112022
oo OO A EEA > 3 = wWEO >l x| x N - m
g |858 |GEElEE | & |5 [ E|F [E5E| Z|E|E| 5 |E| &F
rE | RRR |BREIRS 258 15| &S
5 |ean S & = |~ ® &
(2 3K1] [ad W (24 ~r 0 O | on ~ .
c o0 m (a4 M. u- omn m.. Mva rM [ ] ~ ~ [ - M=)
“ s N O ~ O mMm (] ~ m n m. W: % 2
ag | w"g 83| & (1-59) (zap) Y i B
] g o8 e juoxg 3ISnH juoag R~ (y-5@) mo13ang
)mu i & -4 mu L Y3IFA pajerdo8sy Isn) Buoyy £ X uy paadg (SSIBTIH)
53 8 52| = Y3IpTM wni3dadg | A3rarioaryey & PUTH TeTPEY suwyy
|
<
0861 3NAL 61
SOTISTAALOVEVHO INOYA 1SN
-V IT4VL
P Al . SN NENS  SURFRFRRFRERTE., U N

85

e

.-
CPR )
-

)
-l

Ol

, -
-

I Ny

o B

el
b ¥ By

!

- "...
AT




Yo dy %
”",xmw
3 . . .
s,
w_
‘.
‘-_
:
%
I-_
\.
‘I.
W
.
A
4
f
ﬂ-u
I,
N 61 11 9 0 9 Y L L 1€ € L= 0 JE€ET- jO°LT j L0 1°C fAAR A4
m 61 11 [ 0 9 1 L L 1¢ 4 L= 0 |ET- |8°CT | %°0 1 ol1vze
", 61 S €1 0 9 Y 8 L 91 z L= 0 |81- j1°81 |€£°0 6°0 650%C¢
F, (¢14 L 11 0 9 € ] L 9¢ € L- 0 J€l- jT°L1 |20 S*0 Ly0%22
(¥4 L €1 0 € [A 8 11 9¢ 1 L- 0 J€T- |JL°8T §1°1 0°t 906¢2¢
[ X4 9 81 0 Y > fet L 9z S €1~ 0 |81- j6°€T |9°0 el 96Y¢€7e
(X4 8 81 0 S [A €1 L 1e € €1- 0 |€2- }S$°1T |€°0 6°0 Yyvete
€T S 0z 0 S Z o1 L 97 L €1 0 |8T- |S°1Z j2°C %0 TENET T
8z 01 12 0 14 4 11 11 9¢ 1 0 0 |[€1- f9°81 |1°1 1°7 He677T
o oow ne g on > = = 3 Wy >l =)= I ] (3]
i¢ |sg8 |cEFEE | |6 |E| B |E |EEF| E|E|E| s |E|EE
e 0 Q= m St ilo S &S A 0 ] [ ]
Y "o rp lon o " - o p
2 ® o0 3|1z oo o " "
0 T3 ~er O O - Ks) ~
on g goo (e < "o -~ ~ o 0
o3
Wu n.: [ W: qJ. QY 1 -~ m I8 m. m‘ 0Q
TP @n | g3 17T
52 g = 55 W juoxd 3Isny Juoxg b8 (1-su) mo133Ing
—~E g & e o y3irm paleydossy isng uotry H W up paadg (SSHWHH)
ga Dy g2l 43IpTH un13oadg | £ITATIORTIeY PUTM TeTpey aury
1

(°3uod) 0861 aNar 61

SOILSTHALOVIVHO INOY4 1SNY

%-V 314dvl

MY ET YRR AN



A X

5

“

y

¥

A

;

-

3

7

w L9 9 1 0 L [4 €1 0 9¢ 1 L= 0 |81- |6°61 [€°Z Z°1 0L0v6 1
-~

_m L9 v A 0 9 z 01 - o% 0 L= 0 |81~ |8°SE JL°1 8°0 6%6£61
W $9 S 121 0 L 4 €1 - | o¥ £ L~ 0 |81- }s°1y J1°1 %°0 116£61
. €L S S ] 9 » 1 1- 117 9 L- 0 |81- [Z°vg |1°C 1 929¢6M
g

A (44 S Y 0 9 Y €T T- Sy 0 L= 0 |8T- |{#%°8C |6°1 8°0 132913
m (44 Y 0 0 9 € €1 I- 134 0 L= 0 J81- [L°8¢ J€°T v°0 €06¢€6 T
A

3 08 ¥ 6 0 L Y 11 1- 0s 0 L= 0 |€2- Uy |L°C Z°1 122¢€61
%

< 194 < L 0 L Y 1 1- oS 1 L~ 0 [81- [8°Zy |12 8°0 o%1E6 T
w vL S 8 0 8 L4 01 1- oS . v L- 0 |81- |s°sy |1°1 %°0 101€61 -
o, [« <
w, 6L Y 11 ] 8 Y o1 z 0¢ 4 L- 0 |81- |€°6Z {S°T [Ad| L18261
\. 6L ¥ 18 0 L € 01 1- 0% £ l- 0 }81T- |9°9C |6°7 8°0 SeLeel
-

ﬁ.

b o B4 22 B BN =R > = = [ i~ > = <4 = ] ™

3 3¢ |838 |53EEE | S |F |E| £ | |EER| Z|E|E| 5 |E| EE

] -4 M B = m S e oD - = " L] o = <

: S REI R 1L ok s |F| °8

. [ g = - [ad

- T 0 8-l ~r 0D 10 N ON ~ e

. o m. (2 g M. Wu om N ..04 -« [ ~ ~ a0

! a0 n " E 828 o (1-59) (zap) §53 ~ ~ ~

X n B8 M - n a8 | juoxg 3Isny juoxg (m. 8 :lwev MOT3INO

. ~2 7 2 [ ] o Y3rm pajeydossy asny Buory € X uy peadg (SSKIWHH)
ga Dy 521 & 4iprs uniidadg | A31ATIdefjey & PUIM TeTPEY awrl
. A ml o m

N 1

’ N

a

b,

: 861 AVH 61

3 SOTIST¥ZIOVEVHD INO¥ 1S09

.W $-V 319Vl




........... ..“w».
AnSN

+

T.\-
3
: 29 8 6 0 9 o |e1 1- 119 Y L~ 0 87— j9°%C [L°T 8°0 L09s61
[49 o1 0 0 9 Lo | 1- 0s T Lt~ |0 |81~ 108y |2°1 %°0 0€6S61
6S 9 1 0 9 » J€1 - (019 1 (- (0 eI~ j0°0% [O°C (A8 (3741}
9 Y € 0 6 D {el 1- Sy 0 - 0 |8I- %'t [L°1 8°0 102s61
9 9 0 0 ] £ €1 - S 1 - 10 ¢E- j0°¢s et ¥°0 SIS6 1T m
6S Y z 0 L 4 o1 - Sy Z - |0 |€T-11°9% |9°C z°0 0oy8v61
6S Y € 0 8 Y €1 I~ Sy 4 L=~ L= |8T- [S°9% | L1 8°0 708Y6 1 f&
6§ 9 1 0 8 Y €1 - Sy S L= L= }8T- jS°8% |T°1 %°0 07L%961 :w
<9 L L1 0 9 Y 6 1- 9¢€ Y [- |0 }e1- {8°0¢€ }C°C Z°1 7eEHY6 1 nw wun
£9 Y 1 0 L Y €1 1- 9¢ 1 - |0 ACN AL A WA 8°0 SHEve 1 an
19 S Al 0 L € 11 1- 9€ 0 - |0 8- |T°9% {C°T %°0 sregvel
o Q0w nmolaw > = = <4 = wE o Bl = I - m
sg 838 |sEElEE | S |5 |8 B |§ |fE5| E|E|E| s |E|EE
S~ O O mul o3 g oy [ 3] — <
"o " -0 (a2 ] [} (=% » (a4 -2 o M
3 Do O 3|z~ - o - "
T n0n T3 et ~en (<3 ] 4 00 o~
o m W.:M. m.oa mﬁOq .Aoa ~ ~ [« Fe)
ey ® o M ~ Qo i . ~E M g g 8"
o m (7] ..M. m m. W :lmﬁv (z2gp) w. N m ~ ~ ~
m = S - ] g - juoxg 3Isny juoxg (\m.m Aﬁnmsv MOT3INQ
~2 g 5 Lo o YITM poIBRFOOSSY Isny Suoyy € m uy paadg
ga o B2 a Y3ipry una3dadg | A3rar3ioariay ® puTM TEIpPEY
1

("3u02) 7861 AVH &1

SOTLSIYALOVIVHD INOAJ 1.SNO
G-V dT14dVL




AR LA JEE A AL A L GRA S0 A, EHIE N gL el i N N e It e gl gh GCR AR L g A S0 En SR e £ ud

P
>
P

48 XX

‘
o

-'.:
o
w,
‘s
(wi) 28pey 03 Juoad| | L L o ;
IsnH woxy avdueysfgq] w W F * o 2
wio0l}g Buyieaauad -
Joquwarpead| . . o o o b
(;-™1-28P) L3raradarzay )
O
R
() woas| ¥
Burjerdusn 03 Juoxy —~ = N~ ’
3snH wWo1y 3oUBISTQ B
PTOYsaIyL
(4p) @sToN-O3-TRUBES © © o o o -
=% © YW © v » .
- [ .
Ch- Bavy ;
Lal = Z
p .§ E"? < 2+ o
BumL UIN| = < .
el u g R
177} oY u~ g
8 $ 33
— XBR .
[ g zg'g o -} - - [ e
2 7 4
- 2y TR b
o
n Q S 230~ L3921
| had - )
< § o § P28
mo R Ga™v ¥R R =2 = ~ = .
g, 2 <
HOZ (@) A 3
w]) Axepunog L
E § MOTIINO O3 PUTM ~—t — — [ o~ N
= 0 Xey Wo1j adueisiqg
N -,
o '-T A AN AN :'.3
5532 3av .
= - L
o

-9 3 MR © © o o o ‘-

@ @ O .
ol -
TN - Y-} o o (=] — -

‘S & Xey — -~ — o~ - ~
2 [ ) ! ) ' -
o -«
LA B S -

> N o N
@) wie) ¢ & § 3 £ %
-

~ N +J o — =] :

e R Y B Rt B
(39p) d18u¥| ~ < © o~ =

uorIBARTI| ~ S S 4 S -

¢
-
~ O s ] wy ~ ~N .t

n A ~1 54 ~ [%a) .
g 2 2 3 49

| g o o o o o T

| 2] —_ ~ o~ o~ ~ ~
= N

S’ -

-~

89 K

PRSI OA 2:‘;{ ‘-":-'J‘ S Ly At w g St L “&1;.‘ SRS N R Ry 4




alin1

Paiiasiny

Pacpian

Ol

A9 v A

.

8¢ L € €1 1= (419 (A 81~ e~ j1°8¢ | S°C 't 761902
97 9 Y €1 1- SY Z € 2e- 19°9¢ | 11 Z°1 22L%02
LA 9 € 11 1- . oY A LA 9¢~ { L°19 | S°0 S0 259%0¢
9¢ 3 4 €1 6 1% S £C- 9¢€~ } 1°67 | 8°C G°¢ 616£0¢
6¢ L Y SI> | 11 oY € 8- 9€~ | 8°6C | 8°1 0°¢ 6Y8€£07
€e L Z el Z oY 4 8¢~ Oy— STy 1 €°0 (1] 91.¢£0¢
Ly 9 1 11 12 0s Y €T~ GE~{C°9C {T°¢ S ¢ 2€0€0¢C
8y L 4 11 11 0s S LT~ 6t~ | 0°%Z 10°C 02 000£02
9% L 4 11 1- oY 01 1€- GE~ 1062 [9°0 (] LT7620C
sS L » 11 9 0S 8 Sl- €T~ {1°¢l j€°2 0°C 6TTl0¢
[19 0 0 L ©» Z1 91 Sh Y 61- 1€~ 19°%2 | 9°0 [¢] 261202
O Q0w wmo g n > = 3 = = @O > | = P - s
5S¢ (S8 |sdelgE | S (5 |E| B |E |gEE | E(E(E(5(E| &R
S e o A g Se o3 S e [ [ — <
Y "o o looe A » - 4 o ®

3 moo 3|z~ ] = - =
"0 D e ~et 0O |O | H O 0D ~
oo m (o] .Nr m. om e < o ~ ~ a0

oo =3 o 3
“ n (1] -n.v: ﬂﬂ ~ M 1 ~E M m. m. 0
a9 | «™& 83| & (1-5W) (zgp) gag i ~
w3 T o d e Juoxg Isny Juoxi g~ (-sm) moT3ang
2 509 B 9 o Y3ITm pajefoossy isny Buoly £ W uy paadg (SSWWHH)
m e Dy [t = YIpIM wnx3dadg A3TAT 309739y PUTM TEBIPEY 1
=

LA/ I JRISIASANS o Y

7861 AVH 0Ot

SOTISI¥ALOVEVHD IROIJ 1SN

9-V 4714Vl

90

; Aﬂ. Q-' -'n .dnt, lr-v s



N sy

il i AR

A St 2ot

P

LAY

L e

18 [4 6t 0 L 4 1A 1- L S L+ 0 J€2+ |T1°08 f€°T £°r1 orIS1?Z
9¢ 1 11 0 L 4 €1 fA 11 9 + 0 |81+ |9°16 |S°O c°0 8I8Y1T
ot $1 oYy 0 L [4 €1 A 11 Y L+ 0 [81+ [1°0L J€°0 S°0 L1ovie
1 Y 91 0 L Dt el 1- 14 [4 €T~ 0 JeT~ Ju°eT §18°1 [AlY %1450
ST € 8T 0 8 [4 €1 1- oYy 0 €Z- 0 J9¢- |8°61 |£°1 rAd3 §%950¢
LA} (A 8 0 8 4 €1 1- 1% 4 8¢Z- 0 §9¢€- | 2°SE |9°0 1 119602

o XN nmolan [ <4 = = = wE o X = m 1

g5 |SgR |sEEIRE| & |5 || B |E |EE5 | E|E|E| 5 |E|EE

S e ® O b= m St o3 9 arr [ [ - <

[N ] " -0 (238} n o Q. ] [ad =8 o o
-] ® o0 R RS o - - b=

o0 3 ~ern (<3 | 4 OO0 ~

o0 m. (o} M. ml (=] N ..04 < ] ~ ~ [- =}

e | @O K ~om 1 AL m ) g ] 7

28 |wm2 | 83| & (1-o2) (zep) | FRY i I B

m -] W - n =] u... juoxg iIsny juoxg ~ .m. B :..msv mOTIINO

~2 3 & Ba L] Y3IFM pajeroossy 1sny Buoty £ = uy paadg (SSHWHH)

g2 0 2l 2 YIprM wni3dadg | L31ATIdetgey & PUFM Terpey swpy

<

e .
DA A

’

2454,

-

("3u09) 2861 AVH 0

SOTISTYALIOVIVHO INOU4 1S0D

9-V F18V1

. ... h

BRI M U N 4
etef e a0y

91




SOTLSTYHIOVIVHO INOIA

1819

r._ 62 9 S 01 S » 11 9z 9¢ V4 LT~ J9-}Ey-|6°8T | %°0 8°0 161%¢¢
4
ﬁ. ot S S ot S » 1t 92 9¢ € Le- 9- 1 6€- | 0°0C | 2°0 %°0 eEIYee
3 oY 8 % o1 S © 11 1€ 9¢ 1 T€- J9- €y} L°ST | L T 0° 0zseee
9 _
3 oY 9 b4 o1 S » 11 9z 9¢ 1 1€~ J9-j6E-{1°9C JO°T Z°1 906€2¢C
g
S 6€ L k4 ot S » 11 9z 9¢ 4 12~ 9- JSE-{0°LZ | L°0 8°0 A% 4 X 44
”., 6€ 9 V4 01 9 |92 11 9Z 1€ 4 LT~ }9-SE€E-19°9Z | »°0 %°0 6EYET
r 8y S S o1 9 » 11 97 Sy € LT~ |9-JeEv-|1°¢eT je°C £°2 £9827¢
.“ 6Y Y S 01 L |92 11 1€ Sy € L2- 9- | €Y~ | 82T | L1 L°1 €€82TT
3
..\ 0s 4 [4 01 L » 11 1€ Sy 14 LT~ 9- jEy—-JS°HT | €°1 €1 7i827¢
s 6y S € 01 9 » 11 92 oy ki L2~ 11} 6€- | 8°LY | 6°0 6°0 218Z¢e
b
A 8y Y % ot 9 |9 11 92 [0).4 € 1€~ 9- | 6€- | S°LT | S°0 S0 £082¢2
L
)’ oo 00X o lgn > = = = = wE O )= I -5 ]
. 5c |58 |cEElEE | S |5 |B| F|§ |fE5| E|E|E| 5|2 E&E
v - m O m S e le B 3 an (] 3 <

" e "o o fop o B [o) > o
s =4 oo =3 = poer D = (ol (2]
| "0 - ~ 0 |0 i H ONn ~ -
r. onm g " M.. m. o N ..o. « o [ ~ ~ Y M
h w n 00 O M ~ D ] ~E m. m. %
g 28 |o™2 | 85| 7 (1-5m) (zae) | 3oy e e
ﬂ n g m ~ n g iy juoxg 1isny jJuoxd {\m.m Aﬁnmsv MOT3INO
q ~213 & 52| © | 4rm pasersossy | 3sny Buory € R ur paadg (SSHWHH)
g ga Dy 52l o Y3IpyM wni3dadg | A3rar3netzey & PUFM TETpEY smry

~ [ -] -]
; B <
r. ~—r "
4 +
ﬁ. €861 AVH (LI
4
p
y
]

A ahg it

L o

-

~

L-V 319VL

92




b By Pl e A LA pli e N aAC et i ik e SR s Yl Tl PRl ‘Bt A SRS 4 PR S i 0 v iy S0 A ARE Jow Sbons Jh A @ cn sueun iy jde

(W) aepey 03 Juo1l
I8n9 woij Iduelsyq

29
24
24
26
18
18
17
13
12
12
13

w103g Supiezaudy
3o juagpexy
(;-™-29P) £37ATI097304

(wi) wi03ls
Sur3vrouwey o3 Juoxd [ I TR ST B B N U A
¢ 3ISN9 WoxJ IOUBISIQ
l:v':':’“sa'“['tc>oc>c>ooc>oc>c>o
ap) as;on-og_tgus';s p= -— — = - Pt P - - —_ p=r
=
av [ B TR W T, B Y Y. Y N N
D Say
e XY
o ST -
3'30/\
=t e e e . T . I Y T S R ] .
ggp.lm u‘;uvvvvvvvvvvvq
e H
(72} U W~
o v o3
— [N L] ~ = ™ - e~ =~ e © 0O ©
Q. XBR| —~ =~ —~ A e - -
5;’_\ n <
- .
iﬁz ) - - - T o T - T N - B T BT )
= 5 sy N N~ N N M . o
Q o :
P g & gN
o, O o0 0/
U g &
mow — O Xep| © © O N v VW O O n N
- o - £ M F M MM I3 X T 3T
3] — v <
< B 4
= 5 =
ﬁé () Laepunog
MOTIIND O3 PUFM| &N &N &N & = —~ ~ & &N &N o
z : Xey WOx3 3Id2UBISTQ
=
(4
-~ L e e e e T . T Y- - | w
— ]l e N N M - N NN
o I e I T e I N D D A |
55 ¢ 8ay
- 8
< S
~9 3 f @ e °e ¥y P vz
S ¢ O U | |
Qe
L - K™ ™ - LR A - - - - =)
‘Lgu XeH| ¢ o @ & N A e A A 3
g | | [ e e e I I S |
~ N~ N N S a3
¢ & & & & s & & s e
(@) yBwI| 5 o g 3 8 2§ 8 = a 9
)
| 33 33333333 3
(3sp) at8uy N 2 0 N & 0 N ~ <
.
UOT 3BAdTYH - 3 S - 5 & - o S - e
~ ® M~ O N P O O =S = N .
7)) © I N e O A I O N oM N
g n N N~ N 0 3 3 v QO O O ©
Eé T T N N N O O O O
N N N N N N N M & @& e
!-'= N N N NN N NN NN~
S




PRI

.\_ aepey 1y Juoxy 3Isny
.,,
] 4 r4 o1 1 » 9 1€ oY 1 e~ Je1-Joy-1 99 ]1°0 1 9290€ ¢

A 6 S € o1 S D 8 92 0% 1 e~ |L-|9t-| Z°L {00 8°0 6090¢¢
A 8 S € o1 < ©» 8 9z 9y 1 ze- | t-loe-§ z°¢ )00 %°0 €650€2
L, g [N Yo lan > = <3 = o > =X | -3 m
, 5¢ | 838 |SEF)EE | F|F |E| B |E |FE2| ZE|E|E| & |E|EE
" 3 0 B = m Sctfo 3 2 &t oo ) - <

L] L] R - NIR] ve [ [ad =4 o ®
* 2 0 m 0 3 | B - (a4 (2
. "0 2] (ad ~r 0 o1 1 00D ~ -
. oo lere |goeing So® 15| &3

= R O H ~ Q) ] ~ m m m. m. [ ]
2 ag | «™g 83| & (1-5%) (z4p) gng I B B
. n ] g A ] 8 b Juolg Isno juoxg (ﬂ 8 Snmﬁv M0T3INQ

~213 & Boy o Y3ITa paieroossy Isn) Buoty £z ur paadg (SSHHHH)

ge N Bl = qaprm uni3dads | AITATIONTIY ® PUTM TeTpPEY auwy]
4 A x o
) g <

Ll

3 (*3u0d) €861 AVK
g SOILSTHAIOVIVHD JINOMJ I1SnO
. L=V 374VL
-
..J. °y ..\ “‘.-Mn-.b.-un..u--“... ‘.-_..w. .1. .~.\..~s-. , ....-.... ... ... w.. 5 ., ... . ..... ...J.......« e 4.. g .... ...... o ....... ' s St . L AR

94




ARSI

NN AR

SOILSIVILOVIVHO INOUJI ISND

8-V 414Vl

CRITRE R R A T Y
]
A
>
B
._
A
\......
3
_-.J-.L
.-xq-\L
74 stf o9 v le|mn 11 0 - o Jet-feze|vo| w0 619017 A
61 ot 9 z |6 ]¢ " 0 6- |o for-}1ze|v0of w0 | see850z
91 0 9 9 6 | 11 <y 0 6- |0 Joz-|woz]e 1] 80 8ETY0Z M
v o 9 v [e}or 0" € €1- |s-|91-|91z e 1| 80 [ t0sc0z
-
v 9 8 o| 9 Vv [¢]c¢ 9€ 0 s- |s-|91-joez 60| w0 | <eueor n w
6L 9 8 0 9 v 6 | ¢ oY 0 6- o jot-|vez|60] w0 118202 e
“~
06 L [ 0 9 S 6 L 12 0 6- 0 6- 8°%1 ]16°0 %°0 RSS102 ....h
s
h‘
MY |oOo® | umoO |an > | = = =z | = WO > =] = e | om ™ Qe
3¢ |8ge |gER|gE | S (5 |8 B[ |fEE| E|E|E| T |E|EE
-3 0 O = mu: [ = O [} [ T..m D
L ] o =0 [ K BN X N ) Q. o (a4 > o p D)
3 o e 0 S |- O3 = ~ [ad .Y
0 - ~r 0 JOo | 4 OO0 ~ = L
c 0 gre | gonine < " ® ~ 1l a a0 -y
) ® 3 :
g |mgn | Son L ~E g g ® oA
ag v < 831 & (1-59 (zap) gng e B > .
v, ®'8 g e o juolj 3sny juoxg R~ (1-sm) mor3ang
“. )Mu m ﬂ. -4 m © Y3TA pajefo0Ssy asng Suoty £ W uy paadsg (SSWWHH)
3 m.. 3 Oy e a YIPTM wna3oadg | AITATIOOTILY PUIM T®IpP®Y auwyy
.. = gl 7| €&
g "
N A4
[«
- €861 INAL O1




—

>

KA e e g v g

e W

—y

M

%y 4 (114 o1 8 9 €1 L 9%y S €1+ 10 |8Z+ | 9°107) 1°1 S0 1S9%02
oYy 4 0t 01 8 4 €1 11 0s 4 €1+ |0 }9c+ ] 9°007) 8°2 S 1 8CTY02
oYy [4 [44 o1 8 9 €T L 1 9% 4 €1- 10 |€T-|%°66 ) L°0 S°0 002%0¢
124 1 8 o1 L € €T L 9% L €I+ JO jzZe+ ] €°€6 ) S°T G°1 1€4£0¢C
(A4 [4 8C o1 6 9 €T L 9% S €l- JO0 |€T-}9°L6]|6°0 S0 269¢0¢
9% 1 Y4 o1 S [4 €1 11 9%y 0 €1+ |0 187+ |0°€8 | 9°¢ LA %6221
1< 1 ST ot 9 € €1 L (19 o i+ o lsi+{1-s11ls°z ¢t 168202
Sy [4 ST o1 8 9 el L 119 S El- JL-yeT~|S°S6 | T1°1 c* 00820¢
k49 T <t o1 Z 4 % 91 1€ 0 S+ 10 j2+ 8¢y L2 $°Z 902202
O
LS [4 61 o1 8 4 Tt L (19 0 I+ JO |61+ |v°68 | ¥°C S°1 cTeoe *
LS [4 0z o1 L [4 Tt L 119 € 61~ }9-}1€2-}19°8L]6°0 S0 8£0207
X DO m PR ER > = = weo >l = 1 o m
5% (858 |sElEE | F|F |E| B |E |EER| Z|E|E| s |E|EE
S 0 O = mul o3 S ar 0 (] — <
e LX) e (oD o o) > o ®
3 @m0 1= =gl &3 - (e ] re
o0 3 ~ern O (- 3e ~ -
8s 15R2 | F8e2g 1.8 =z | 58
o m. m. 0D
En |2&a8 | 7eEn] % sE T g2 ] e
o o v« 831 & (1-sm) (zgp) g3
wd g o o H - juoxg 3sny juoag Rl (1-sm) moT3ang
\,m m = 4 M ® Y3ITA p23IBIDOSSY Isny Suoty £ X uy paadg (SSHWHH)
g2 n - 43pTM wnx3dadg | A3TAT3IonTIay & purM 1eYIpPEY amy],
-’ . m. (=] m
L

(3uoxg 3Isn9 IsiaTd)
%86T* 1144V 9¢

SOIISIVALOVEVHD INO¥ 1SN
6-V ITdVL

2y Al



0% a4

- .

,_
ek
AR }

e o
Y 'y

TABLE A-9
GUST FRONT CHARACTERISTICS
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APPENDIX B

Doppler Radial Shear

This appendix contains computed radial shear for three cases:
30 April 1978 (Northern Gust Front)
30 April 1978 (Southern Gust Front)
30 May 1982

Explanations of each of the categories are given below.

. Time = beginning time of tilt in hours, minutes and seconds (KHMMSS) CST.
Elevation Angle - elevation angle of the radar antenna in degrees.
Radial Velocity in Outflow - magnitude (ms~l) and radial direction (+ or -)
of the maximum, minimum and average radial winds within the outflow in
the immediate vicinity of the leading edge.

ﬁf Radial Shear Along Gust Front - the maximum, minimum and average values of
- radial shear (1073 g~!) as computed by the NSSL Convergence algorithm.

PREVIOUS paGE
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TABLE B-1

DOPPLER RADIAL SHEAR

30 April 1978

(Northern Gust Front)

Radial Shear
Elevation| Radial Vélocit{ in| along Gust Front
Time Angle Outflow (ms™*) (x1073 g~1)
(HHMMSS) (deg) max min avg max min  avg
202832 0.3 -18} -7 -13 3.19] 0.84] 1.86
202933 0.7 -18) =7 -13 3.48}) 1l.16} 1.93
203034 1.5 -18 0 =13 5.34] 1.72] 3.08
203134 3.0 -18| -7 =13 5.13] 1.14} 2,76
204058 0.3 -13 0 -7 3.86| 0.85] 1.58
204200 0.7 -32 0 -7 4.35| 0.74) 1.62
204301 1.5 -18 0 -13 5.44| 0.95] 2.02
204402 3.0 -23 —8 -13 5.72 0.82 2035
205325 0.3 -28 0 -7 3.10] 0.69] 1.50
205426 0.7 -18 0 -7 2.11] 0.68} 1.36
205527 1.5 -18 0 -7 3.21) 0.59} 1.58
205628 3.0 -18 0 -7 3.05} 0.51] 1.72
205730 5.0 -18 0 =7 5.27| 0.90] 2.28
210551 0.3 -23 0 -7 3.24| 0,71 1.61
210652 0.7 -18 0 -7 3.79| 0.50] 1.38
210753 1.5 =23 0 -7 3.34) 0.76] 1.83
210855 3.0 -23 0 -7 5.10] 1.03} 2.26
210956 5.0 =28 -7 -13 5.72} .27} 3.27
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TABLE B-2

DOPPLER RADIAL SHEAR

30 April 1978

(Southern Gust Front)

e LSS I TSR M e A Lp e Bop e e st o by 3o
b o

Radial Shear

Elevation| Radial Velocit{ in| along Gust Front
Time Angle Outflow (ms™!) (x1073 g7}

(HHMMSS) (deg) max min avg max min _ avg
202832 0.3 -18 0] -7 not available
202933 0.7 -18 0 -7 " " "
203034 1.5 -28 0 -7 . " *
204058 0.3 -28 0 ~-13 “ "
204200 0.7 -28 0 -13 4.45] 1.31} 2.03
204301 1.5 -28) =7 -18 3.79] 1.37} 2.67
205325 0.3 -32 0 -18 3.34) 1.31} 2.02
205426 0.7 -32 0 -18 3.18 1.09 1.84
205527 1.5 -32 0 -18 3.46) 0,73} 1.73
205628 3.0 =23} =7 -13 6.36}) 0.67] 2.98
205730 5.0 -281 =7 -7 7.54] 2.70] 4.24
210551 0.2 -28 0 -18 2.97 0.53 1.38
210652 0.7 -28 0 -18 4.25 0.51 1.55
210753 1.5 =321 =7 -18 3.39 1.00 1.93
210855 3.0 -36 0 -18 4,31} 0.51} 2.10
210956 5.0 -36| =7 -23 4.20 1.25)1 2.62
211057 7.0 =36 ~7 -28 9.47 1.21 3.87

103

s
&
b

(A2

-

Ev r e v e gy
4

v
’

v
<

P R T

WA

P

r
.

A

.,.,
.
Y

B

R R o IR % 4
v DR U M

" i e

. AR

- G e
.‘ '.' 'lll. 'l.
v, Prs s h

. a LN \

.
I3

R} Y e .- -

— s e
R

. L A A
N T T

LA
s e e o e "




ht T L R T T s s e e T T e R A T T T R A T R S S . T T e e -".“-_-Ai
5
j
TABLE B-3 i
DOPPLER RADIAL SHEAR !
i
30 May 1982 ¢
Radial Shear o
Elevation| Radial Velocit{ in| along Gust Front ¥
Time Angle Outflow (ms™*) (xl 0-3 s'l) i
(HHMMSS) (deg) max min avg max min avg y
202152 0.5 -31| -6f =19 5,24 0.51] 2.23 :
202225 2.0 -23 ol ~-15 6.29| 0.78] 3.14 ;
. &
202927 0.5 -35] -15| -31 4.93| o0.81] 2.76 k
203000 2.0 -39 -6| =27 7.41] 1.08] 3.36 ;
203034 3.5 -35 ol -23 1.48! 0.52] 0.93 :
203716 0.5 -7 -71 -28 9.42| 0.51] 3.31 :
203849 2.0 -36| =-7{ -28 9.14| 1.33] 3.83 5
203919 3.5 -36 o] -23 |10.92] 1.81| 4.88 k
204652 0.5 -36 ol -23 6.90! 0.60| 3.65 :
204722 1.2 -32| -~7| -23 7.01| 1.56| 3.62
204752 3.2 -32 ol -18 7.921 2,22 4.14
_ 205611 1.2 -36 of -28 6.36{ 0.70] 2.56 i
. 205645 3.2 -36 0 -23 12,39 o0.76] 3.75 -
- 205714 5.2 -23 ol -23 5,801 0.71] 3.43 3y
214017 0.5 +18 0 +7 4.28) 0.50| 2.07 "
]
K
104 .
)

P S TR S T S BN L PR SR TSR S . e e T e et e Tt e e et

'.‘."'"-'l
AR e e e e e e e e e e e Sl e e e
Ll A B PSR ST SRR SO P Yy SR PP Gl et W YR AP PIRTI PR VR IR TV TP IPTIPE DRC IS U TPE T A i G S Wos Y S T I Y Sa Lt e e




AD-A163 277 A GUST FRONT CASE STUDIES HANDBOOKCU) MASSACHUSETTS
INST OF TECH LEXINGTON LINCOLN LAB D L KLINGLE
10 JAN 85 ATC-129 DOT/FAA/PM-84/13 DTFRO1- Sngciggzg

UNCLASSIFIED




B HOR-1) R
=« Kk g2 ;
£ R

“"E_ " 15

o

Iizs s o

AT T TR g

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS-1963-A

. e NS
AP YE SO R A



AP Ml Mo/l amiai- el 2o it = -l d ——
LA A P S DN TP N S AT 4 N6 0 SR (L St it Mt A S A A BNl W B SR Jhe. e AN B "B Ry e A B - ¥

APPENDIX C

Interpretation of Radar Displays

Information for proper interpretation of the PPI radar displays 1is
contained in the legend on the right side of each photograph (Fig. C-1).
The top two lines are the date and time (CST) of data collection given as
month/day/year and hour:minutes:seconds. Color categories (0,1,2,...F) are
indicated in units of dBZ (reflectivity display) or ms™ (velocity and
spectrum width displays). Category F is reserved for navigation aids and
range rings. White squares indicate positions corresponding to cities or
locations of particular interest to NSSL (e.g., Cimmaron Doppler Radar,

- 40 km northwest of Norman, OK). To the right of category F is an "R"

II * followed by a number. This gives the distance between range rings (white ~
arcs on the displays). For instance, "R 40" indicates that the range ring i~ﬁq

spacing is 40 km. ' e

- The bottom one-third of the legend gives information councerning the
' position of the screen center and cursor. CAZ and CRG are the azimuth and .
range of the point in the center of the data display relative to the Norman
Doppler radar (NRO). The ability to alter this point allows one to center
the display on a particular area of interest. SM is the speed and direc-
tion of storm motion which is subtracted from the displayed data. AZ+, RG+
and HT+ give the azimuth, range, and height above the surface of the cursor A
position. (The digit following the cursor range gives the color category
for center of cursor.) AZ and EL are azimuth and elevation angle of the
radar antenna.
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Fig. C-1. Example of the radar reflectivity display. The date and time [:::
. of this display are 30 April 1978 at 20:41:26 CST. The point at the center -'*‘Q
- of the display has an azimuth of 270° and range of 50 km. No storm motion T
j:: has been subtracted from the displayed data. The center of the cursor 1s {:}}3}
- positioned at an azimuth of 272° and 44 km range. At that range, the :ni:j
x center of the beam is 0.2 km above the surface. The reflectivity at the iji;

center of the cursor is 17 dBZ (category 3). The radar is pointed at an
azimuth of 345° with an elevation angle of 0.2°,
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APPENDIX D

Definition of Meteorological Terms

B, MMM i AL 1

bow echo — A bulge on the forward edge of a line echo. Echoes in the bulge
move faster than those near the ends of the line producing an
arc or bow shaped echo.

DETRRES

cold front - The leading edge of a relatively cold air mass which moves so
that colder air replaces warmer air.

downburst — A strong, small scale downdraft inducing an outward burst of
damaging winds on or near the ground. Downbursts are often associated
. with bow echoes.

downdraft - The cold, dense curreat of air in a thunderstorm which is pro-
duced by evaporative cooling and precipitation drag.

dryline - The leading edge of a relatively dry air mass which moves so that
drier air replaces moister air. There is often little temperature
contrast across the dryline,

.
RN it 9

gravity current - The curreat formed by the intrusion of a dense fluid into
an area occupied by a less dense fluid propagates under the force of
gravity.

LSRR

@

ettty

.
«
"'l 'l

gust front - The leading edge of the thunderstorm outflow produced when the k-
downdraft strikes the surface and spreads out horizontally. It is
usually accompanied by an abrupt change in wind speed and/or direc-
tion, a rise in pressure, a decrease in temperature and the onset of
precipitation.

iaversion - A departure from the usual decrease with altitude of
atmospheric temperature.

lifted index - A measure of the thermodynamic stability of the atmosphere.
A lifted index of < -7 is usually associated with tornadic storms,

low - lLow pressure area, or a minimum of-atmospheric pressure in two

dimensions. Sc =

N

outflow ~ The cold, dense downdraft air which flows horizontally out of a RO
thunderstorm at the surface. N
potential temperature - The temperature a parcel of dry air would have if &._j
brought adiabatically from its initial state to the standard pressure SE

of 1000 millibars. NN

. \‘,'.:
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precipitation roll - A reflectivity pattern of precipitation shown by
Doppler velocities to be revolving in a horizontal roll at the gust
front.

radial shear - Shear of the Doppler velocity that occurs along a radar
radial .

radial convergence -~ Convergence that occurs along a radar radial.

rawinsonde - A method of upper air observation consisting of an evaluation
of wind speed and direction, temperature, pressure, and relative humi-
dity aloft by means of a balloon-borne instrument package tracked by
radar.

secondary surge - A perturbation or disturbance within the thunderstorm
outflow (based on tower data) that exhibits many of the charac-
teristics, in terms of temperature and wind changes, associated with
gust front passages.

shear - The variation of a vector field (usually wind) along a given direc~
tion in space.

short wave - A progressive wave in the horizontal pattern of air motion
having a wavelength of 103-10% xm, :

stationary front - A trénsition zone between two air masses of different
characteristics (temperature, moisture, etc.) which has not moved
appreciably from its position on the previous weather chart.

streamline - A line whose tangent at any point in a fluid is parallel to
the instantaneous velocity of a fluid at that point.

thin line echo - A linear pattern of relatively weak reflectivity often
associated with a thunderstorm gust front that has moved away from the
main precipitation echo into clear air.

trough - An elongated area of relatively low atmospheric pressure.

upper air disturbance - A disturbance of the flow pattern in the upper air,
particularly one which is more strongly developed aloft than near the

round, -
§ ]

veering — A change in wind direction in a clockwise sense (e.g., southeast
to southwest to west).

warm front ~ The leading edge of a relatively warm air mass which moves so
that warmer air replaces colder air.
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